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Preface

This book on “Metabolic Influences on Risk for Tendon Disorders” was

written with the aim to increase the holistic knowledge of the enigma of

tendon problems. As of year 2016, we still do not have any effective

interventions to treat many patients with tendon disorders. This book aspires

to provide an essential understanding of how collaborative research efforts

within a multidisciplinary array of basic and clinical scientists are leading to

an accelerated development of more effective therapies for tendon aliments.

The quality of life for millions of people is impaired due to tendon

problem such as chronic pain and impaired limb function, situations which

can adversely impact their general health condition.

On the other hand, however, novel research findings show that general

health factors, which control metabolic pathways, are actively involved in

regulating tendon homeostasis to a much further extent than previously

known. This means that metabolic influences via sedentary lifestyle,

e.g. obesity, can lead to painful tendon disorders, which in turn can result

in hampered mobility for the patient. The net result is a vicious circle that is

currently unexplored and possibly crucial for the understanding of tendon

homeostasis.

Having this said, the reader will have to bear in mind that while reading

this information, the scientific details in parts of this book are not always

explored in great depth. We hope that the lack of in-depth supplied knowl-

edge in some sections, however, will inspire scientists from all corresponding

disciplines to join forces to improve our understanding of tendon problems.

In writing this book, we have had a fantastic collaboration with some of

the leading experts in their field of tendon research. With their help and

engagement, the content of this book has widely surpassed the imagination of

the editors. The editors would like to take the opportunity to sincerely thank

all the contributors to the production of this book. We would also like to

thank the organizers of the congress of “Metabolic diseases and

tendinopathies – the missing link”, who inspired many researchers in this

multidiciplinary field.

At this point, we would like to give you some personal tips about how to

read this book. The book starts with eight chapters to provide you the latest

understanding of tendon basic biology and anatomy, which is especially

recommended for those of you without any knowledge on tendons, but also

of high interest for tendon researchers and clinicians.
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Having the basic understanding of tendon metabolism, we suggest that

you read all/some/one of the 15 chapters on how tendon disorders can be

associated with altered metabolism and metabolic disorders. These

15 chapters have a common thread in the order that they are written, but

can very well be read individually or in any order you like. We suggest that

these chapters should be read by every clinician who deals with tendon

problems.

Near the end of the book, we have included three chapters on novel and

popular therapies which may affect tendon metabolism. This book does not

make any attempts to cover how tendon disorders should be managed, but

rather to inspire the development of integrated approaches. In the last chapter

of the book, the editors have attempted to summarize the concepts and

content of the book. For those of you, like ourselves, who would like to get

the latest information in a short time, we recommend that you start by reading

this chapter, which may further intrigue you to subsequently read most if not

all of the individual chapters of the book. You may want to go back and forth

from this overview chapter to individual focused chapters in order to synthe-

size your own perspectives.

We wish you a pleasant and engaging reading of the book!

Stockholm, Sweden Paul W. Ackermann

Calgary, AB, Canada David A. Hart
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Tendon Structure and Composition 1
Chavaunne T. Thorpe and Hazel R.C. Screen

Abstract

Tendons are soft, fibrous tissues that connect muscle to bone. Their main

function is to transfer muscle generated force to the bony skeleton,

facilitating movement around a joint, and as such they are relatively

passive, inelastic structures, able to resist high forces. Tendons are pre-

dominantly composed of collagen, which is arranged in a hierarchical

manner parallel to the long axis of the tendon, resulting in high tensile

strength. Tendon also contains a range of non-collagenous proteins, pres-

ent in low amounts, which nevertheless have important functional roles. In

this chapter, we describe general tendon composition and structure, and

discuss how variations in composition and structure at different levels of

the tendon hierarchy confer specific mechanical properties, which are

related to tendon function.

Introduction

Typical of connective tissues, tendon is predom-

inantly composed of water, which makes up

55–70 % of total tendon weight. By far the

majority of the tendon dry weight consists of

collagens (60–85 %) [17]. Collagen is a stiff

structural protein, providing tissues with tensile

strength. As such, aligning the collagen along the

long axis of the tendon results in a highly

anisotropic tissue, particularly well suited to the

uniaxial tensile strain transferring role of tendon.

Collagen molecules within tendon are

arranged in a hierarchical manner (Fig. 1.1) and

at each level of the hierarchy, the collagen is

interspersed with a less fibrous, highly hydrated

matrix, traditionally referred to as the ground

substance [15, 32]. Materials with this arrange-

ment of stiff fibres within a surrounding,

softer matrix are generally referred to as fibre

composites, and tendon provides an example of

an aligned fibre composite on multiple hierarchi-

cal levels, building from the nano- to macro-

scale. Fibre composite materials stretch through

a combination of extension of, and shearing

(sliding) between, the fibrous components.
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The proportional contributions of fibre extension

and shearing to total material stretch depend on

the relative mechanical properties of the fibres

and surrounding matrix. Alterations to local

extension and shearing mechanics in a fibre com-

posite can substantially affect the gross mechan-

ical properties of the bulk tissue. With multiple

hierarchical levels to tendon structure, there is

significant scope for altering its local extension

and sliding mechanics, and consequently whole

tendon mechanical behaviour, through simple,

often minor adjustments to composition at one

or more of the tendon hierarchical levels. As

such, understanding not just the overall composi-

tion of tendon, but also the organisation of matrix

molecules throughout the tissue hierarchy is crit-

ical to understanding tendon function.

The smallest building blocks of tendon are

collagen molecules. These are arranged longitu-

dinally in a quarter stagger pattern, with a gap of

approximately 40 nm between the ends of each

molecule, resulting in the characteristic banding

pattern seen in collagen fibrils. Groups of five

collagen molecules are bound together by inter-

molecular crosslinks to form pentafibrils (also

referred to as microfibrils). These pentafibrils

then pack together, forming fibrils which have

diameters ranging from approximately 10 to

500 nm [2, 5]. Collagen fibrils are stabilised by

crosslinking, and the fibril is generally defined as

Fig. 1.1 Schematic showing the hierarchical structure of tendon, in which collagen molecules aggregate, forming

subunits of increasing diameter (Adapted from Thorpe et al. [35] with kind permission from Wiley publishing)

4 C.T. Thorpe and H.R.C. Screen



the primary structural unit across many different

tissue types. In tendon, fibrils aggregate to

form collagen fibres, with the fibres aggregating

once again to make up the largest subunit of

tendon, the fascicle. Fascicles are visible to

the naked eye, with diameters ranging from

150 to 500 μm. Each fascicle is surrounded by

a connective tissue compartment called the

interfascicular matrix (IFM). The IFM (some-

times also referred to as the endotenon) binds

the fascicles to make the complete tendon unit,

and is particularly important for tendons which

function as energy stores [39].

The tendon surface is covered by the epitenon,

which is a connective tissue sheath continuous

with the IFM. An additional loose connective

tissue layer, the paratenon, surrounds the tendons

in regions away from joints, to facilitate move-

ment of tendons below the skin. However, where

a tendon passes around a joint, it is contained

within a synovial sheath in order to ensure

smooth gliding past surrounding structures.

Collagens

Type I collagen is the predominant collagen in

tendon, making up approximately 90 % of the

total collagen content [4, 18]. Other fibrillar

collagens are also present, including types III, V

and XI. Collagen type III is the second most abun-

dant tendon collagen, comprising up to 10 %of the

collagen content. It plays an important role in

collagen fibrillogenesis by regulating the size of

type I collagen fibrils [14]. It is often localised to

the IFM [27], but the role it plays in this tendon

compartment is yet to be established. Type V

collagen is found in the centre of collagen-I fibrils,

where it is thought to provide a template for

fibrillogenesis [24]. Several non-fibrillar collagens

are also present in tendon at low amounts; type VI

is often localised to the pericellular matrix. The

fibril associated collagens, types XII and XIV pro-

vide a molecular bridge between type I collagen

and other matrix molecules, and play important

roles during tendon development [1].

Proteoglycans

Proteoglycans are the most abundant non-fibrous

proteins in tendons, making up 1–5 % of tendon

dry weight. Proteoglycans are a class of

glycoproteins, consisting of a core protein

attached to one or more polysaccharide chains.

These side chains are termed glycosaminoglycan

(GAG) side chains and are negatively charged,

which attracts water into the tendon.

Proteoglycans are a primary component of the

matrix interspersing the collagenous units at the

fibril, fibre and fascicle levels of the tendon hier-

archy [32] (Fig. 1.2).

The most abundant and well characterised

proteoglycan in tendon is decorin, which makes

up 80 % of the total proteoglycan content.

Decorin is a small leucine rich proteoglycan

(SLRP), which consists of a horseshoe shaped

core protein, attached to which is a single chon-

droitin or dermatan sulphate side chain. The core

protein has a specific binding site on the collagen

fibril, and is able to interact with other decorin

molecules bound to adjacent collagen fibrils via

its side chain, forming an interfibrillar bridge.

Decorin is found both within fascicles and the

IFM [32]. Decorin shares its fibril binding site

with the SLRP biglycan, which contains several

dermatan or chondroitin sulphate side chains.

The class II SLRPS lumican and fibromodulin

contain keratan sulphate side chains, and share a

fibril binding site, which is distinct to that used

by decorin and biglycan [32].

It is well established that the SLRPs have a

critical role in tendon development, where they

regulate collagen fibrillogenesis. Specific SLRPs

are thought to have a distinct, time-dependent

role in this process, with biglycan and lumican

modulating fibrillogenesis during early develop-

ment, whereas decorin and fibromodulin play a

primary role at later stages of development and

maturation [8, 41].

In addition, it has been suggested that the

SLRPs (decorin in particular) may contribute

directly to the mechanical properties of mature

tendon by transferring load between discontinu-

ous collagen fibrils via interfibrillar bridges.

1 Tendon Structure and Composition 5



Individually, these interfibrillar bonds are weak,

but when combined they may reach sufficient

magnitudes to enable force transfer. However,

this is controversial, as it is uncertain whether

collagen fibrils are discontinuous, and recent

work suggests that decorin may actually promote

sliding between fibrils rather than transferring

force between them [23, 32].

Other less well studies proteoglycans in ten-

don include lubricin and versican. Lubricin (also

referred to as superficial zone proteoglycan or

PRG4) is a large proteoglycan, which is localised

to the tendon surface, the IFM and compressive

regions of tendon [9, 20, 29]. It provides lubrica-

tion, allowing gliding at the tendon surface, and

may also facilitate sliding between adjacent

fascicles. Versican is a large aggregating proteo-

glycan which is preferentially expressed in the

IFM, particularly in the pericellular region

[25]. It interacts with elastic fibres, and so may

contribute to the structural properties of the IFM

[12], but its precise role in tendon is yet to be

determined.

It has been demonstrated that proteoglycan

distribution varies along the length of a tendon,

with the SLRPs present at highest abundance in

the tensional mid-substance region, and a pre-

dominance of cartilage associated proteoglycans

(aggrecan, biglycan, lubricin) in areas of tendon

subjected to compression [22]. It is likely that the

predominance of SLRPs in tensional regions is

related to their organisational roles in collagen

fibrillogenesis, while the high abundance of

cartilage-associated proteoglycans in compres-

sive regions attract water into the tendon which

enables resistance to compression.

Glycoproteins and Other Molecules

There are several other glycoproteins that form

part of the tendon structure. Glycoproteins have

carbohydrate groups attached to their polypep-

tide chains. In tendon, the most abundant glyco-

protein is cartilage oligomeric matrix protein

(COMP), which consists of a cylindrical core

surrounded by five subunits [26]. Each subunit

is able to bind to type I collagen, and therefore

one COMP molecule can provide a link between

5 collagen molecules. COMP is present at high

concentrations in the inter-fibrillar matrix, but

absent from the IFM [27]. However, the precise

function of COMP in tendon is uncertain, as

COMP-null knock-out mice do not demonstrate

tendon abnormalities [30].

The glycoprotein tenascin-C is also found at

low levels in tendon. It is composed of six

subunits, bound together by N-terminal inter-

chain cross-linking domains [13]. Its function

in tendon is yet to be established, but it

predominates in regions where tendons experi-

ence high forces, and its levels are modulated by

Fig. 1.2 (a) Histological image of longitudinal tendon

section showing Alcian Blue/Periodic Acid Schiff

staining of proteoglycans (purple), which are enriched

in the IFM (enclosed by dotted lines). Cell nuclei are

counterstained blue. (b) Histological image showing

elastic Van Gieson’s staining of elastin (black), which is

predominantly localised to the IFM

6 C.T. Thorpe and H.R.C. Screen



mechanical loading [13], so it has been suggested

it contributes to tissue elasticity.

Elastic fibres are also found in varying

amounts throughout the tendon matrix, with

reported concentrations from 1 to 10 % of tendon

dry weight. These fibres are predominantly

localised to the IFM (Fig. 1.2) but are also pres-

ent within fascicles, particularly around cells

[10]. Elastic fibres have a central core of elastin,

which is surrounded by a sheath of fibrillins 1

and 2, as well as other associated proteins [16].

Elastic fibres are highly elastic, fatigue resistant

and able to store and return energy [32]. In liga-

ment, elastin resists transverse and shear defor-

mation [11], but it is yet to be established

whether it has a similar role in tendon.

Cells

The tendon extracellular matrix is synthesised

and maintained by the resident cell populations.

There are two distinct populations found within

tendon; those that reside between the collagen

fibres within the fascicles (tenocytes) or those

that are found in the IFM between the fascicles

(interfascicular cells). Tenocytes have an elon-

gated morphology and complex network of cyto-

plasmic processes that link adjacent cells via gap

junctions [21]. Interfascicular cells are present at

higher density, and have a rounded morphology

(Fig. 1.3). It is likely that the interfascicular

space contains a heterogeneous population of

fibroblasts, progenitor and vascular cells [7]. In

general, tendon cell phenotype is poorly under-

stood and defined. However, recent data do indi-

cate that the IFM cell population may be more

metabolically active than the intrafascicular

tenocytes (see Chap 5). [28, 34].

Bone Insertion

The tendon to bone insertion consists of a

specialised interface, known as the enthesis.

This is a highly complex structure which forms

a connection between elastic tendon and rigid

bone, which is approximately 100 times stiffer

than tendon [6]. Entheses can be fibrous or

fibrocartilaginous in nature. At fibrous entheses,

the tendon inserts directly onto the metaphysis or

epiphysis of a long bone. Fibrocartilaginous

entheses are more complex, consisting of four

distinct zones, with a gradual transition between

each region [3]. Zone 1 is the tendon proper, with

highly aligned collagen fibres, zone 2 is made of

unmineralised fibrocartilage and is rich in carti-

lage associated proteins, including type II colla-

gen and proteoglycans. Zone 3 consists of

mineralised fibrocartilage, and is rich in collagen

type X, which is associated with endochondral

ossification, as well as varying amounts of bone

mineral. Zone 4 is analogous to bone.

Myotendinous Junction

Unlike the tendon to bone insertion, the transi-

tion between tendon and muscle, known as the

myotendinous junction, is abrupt rather than

gradual. To reduce stresses at the myotendinous

junction, the tendon collagen fibres and muscle

cell membrane (sarcolemma) interdigitate via

finger-like projections, which increases the inter-

face area between tendon and muscle [19].

Despite the specialisations in structure seen at

Fig. 1.3 Longitudinal tendon section stained with

haematoxylin and eosin, demonstrating differences in

cell morphology between tendon compartments, with

elongated cells within the fascicles, and an abundance of

rounded cells within the IFM

1 Tendon Structure and Composition 7



both the bony insertion and myotendinous junc-

tion, these regions are prone to injury [3, 19].

Variations in Tendon Composition
According to Tendon Function

While all tendons function to transfer muscle

generated force to the skeleton, specific tendons

have an additional role acting as energy stores, in

which they stretch and recoil with each stride to

store and return energy, maximising exercise

efficiency. In man, the predominant energy

storing tendons are the Achilles and patellar

tendons. In order to store and return energy effec-

tively, energy storing tendons require specific

mechanical properties, including increased

extensibility, elasticity and fatigue resistance.

These specialised properties are conferred by

alterations in matrix structure and composition,

targeting different levels of the tendon fibre com-

posite hierarchy.

Variation in Tendon Collagen

Variations in collagen content and organisation

between energy storing and other (positional)

tendons are seen throughout the hierarchy.

Energy storing tendons have a lower total colla-

gen content than positional tendons [31]. How-

ever, type III collagen levels are elevated in

energy storing tendons [33]. Type III collagen

is abundant in tissues that require a high degree

of compliance, such as skin and blood vessels,

and therefore the higher levels in energy storing

tendons may provide the greater extensibility and

improved recoil needed in this tendon type. Col-

lagen crosslink profile also differs between ten-

don types. Such differences in crosslinking are

likely to influence fibril stiffness and subsequent

local mechanics throughout the tendon hierarchy.

However, the influence of crosslink type on ten-

don mechanical properties is yet to be deter-

mined [4]. Differences are also seen at the fibril

level; fibrils in energy storing tendons have a

bimodal distribution, with a lower mass average

fibril diameter, which may contribute to the

increased compliance seen in this tendon type.

In addition, collagen crimp angles are greater in

energy storing tendons [37], which may provide

greater energy storing capacity. Differences in

collagen packing are also seen at the fascicular

level; fascicles from energy storing tendons have

a smaller diameter than those from positional

tendons. Collagen turnover rate also varies with

tendon type, with lower levels of collagen turnover

in energy storing tendons resulting in an extremely

long half-life of approximately 200 years [38].

Variation in Non-collagenous
Components

There are also several variations seen in the abun-

dance of non-collagenous matrix components

between tendons with different functions. Levels

of sulphated glycosaminoglycans are significantly

higher in energy storing tendons than in positional

tendons [31], indicative of increased total proteo-

glycan levels in these tendons. Correspondingly,

energy storing tendons have an elevated water

content, which is negatively correlated with tissue

stiffness [4]. Few studies have assessed how the

content and distribution of specific proteins differs

between tendon types and this remains an impor-

tant area for future research, in order to understand

how compositional differences can lead to altered

mechanical behaviour. However, recent advances

have been made by correlating local matrix com-

position with local tendon mechanical properties,

with particular focus on the IFM. Mechanical

testing studies indicate that sliding between adja-

cent fascicles is the primary mechanism by which

energy storing tendons are able to stretch and

recoil efficiently [39]. To achieve this, the IFM

in this tendon type must be highly specialised to

facilitate low stiffness inter-fascicle sliding and

elastic recoil. Recent studies have started to eluci-

date the structural and compositional IFM

specialisations in energy storing tendons that con-

fer these mechanical properties. It is apparent that

there are differences in IFM content between ten-

don types, with a larger volume of interfascicular

matrix in energy storing tendons [40]. In addition

a very recent study has compared the distribution
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of proteins within the IFM and fascicular regions

of energy storing and positional tendons,

demonstrating enrichment of lubricin and elastin

in the IFM, which is particularly pronounced in

energy storing tendons [36]. Based on the

properties of these proteins, it is likely that

lubricin facilitates inter-fascicular sliding,

whereas elastin enables efficient recoil of the IFM.

Conclusions

It is evident that tendon structure is optimised to

fulfil its functional role, with highly aligned and

abundant collagen providing the high tensile

strength required for efficient force transfer.

However, in order to fully understand tendon

structure function relationships, the specific

functional roles of each component of the tendon

matrix must be determined. Further, there is

much still to be elucidated regarding how small

variations in structure and composition through-

out the levels of the tendon hierarchy results in

the altered mechanical properties evident in

tendons which function as energy stores.
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Collagen Homeostasis and Metabolism 2
S. Peter Magnusson, Katja M. Heinemeier, and Michael Kjaer

Abstract

The musculoskeletal system and its collagen rich tissue is important for

ensuring architecture of skeletal muscle, energy storage in tendon and

ligaments, joint surface protection, and for ensuring the transfer of mus-

cular forces into resulting limb movement. Structure of tendon is stable

and the metabolic activity is low, but mechanical loading and subsequent

mechanotransduction and molecular anabolic signaling can result in some

adaptation of the tendon especially during youth and adolescence. Within

short time, tendon will get stiffer with training and lack of mechanical

tissue loading through inactivity or immobilization of the human body

will conversely result in a dramatic loss in tendon stiffness and collagen

synthesis. This illustrates the importance of regular mechanical load in

order to preserve the stabilizing role of the connective tissue for the

overall function of the musculoskeletal system in both daily activity and

exercise. Adaptive responses may vary along the tendon, and differ

between mid-substance and insertional areas of the tendon.
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Introduction

Homeostasis is the maintenance of internal stabil-

ity of a physiological system in response to a

perturbation in an attempt to preserve normal

function. While this intuitively seems like a natu-

ral and optimal response for a physiological sys-

tem to function, it was only decades ago that the

connective tissue of tendon was considered exclu-

sively inert and unable to readily adapt both met-

abolically and structurally to mechanical loading.

However, today it is well recognized that tendon

can respond to different perturbations typical of

mechanical type, and also of hormonal nature.

Tendon tissue plays an essential role in transmit-

ting contractile forces to bone to producemovement

and is therefore uniquely designed towithstand quite

considerable loads that may at times reach up to ~8

times body weight during human locomotion [1–

3]. It has a surprisingly aligned and architectural

well sculptured structure. An acute ultimate high

load can cause rupture of the tendon structure, and

repetitive use of tendon often results in overuse

injuries such as tendinopathies, which is a common

clinical condition characterizedby pain during activ-

ity, localized tenderness upon palpation, swelling of

the tendon and impaired performance [4, 5]. This

situation represents an example of loss of tissue

homeostasis. Tendinopathy is a problem in both

elite and recreational athletes as well as in the work-

place [6–8]. In some elite sports, the prevalence can

reach as high as 45 % [6, 9–11], and the symptoms

as well as performance reduction may be very long

lasting (years) [12]. To date the injurymechanism is

poorly understood.Although tendons have tradition-

ally been considered as these largely inert structures,

recent studies show that human tendons are meta-

bolically quite active in responsive to mechanical

loading [13, 14]. Understanding specifically how

tendon tissue adapts tomechanical loading (training)

and unloading (immobilization) – and at what time

of life –will be the key to understand homeostasis of

tendon the pathogenesis of tendinopathy, and thus

provide the basis for prevention of these overuse

injuries.

Tendon Composition

Tendon is organized in a strict hierarchical manner

[15]. Collagen molecules dominated the structure,

and they are organized in a precise pattern to yield

the characteristic 67-nmD-periodization that forms

collagen fibrils. The collagenmolecule is ~ 300 nm

in length and 1.5 nm in diameter [16] and

aggregated molecules of the fibril are stabilized

by covalent intramolecular cross-links [17]. The

cross-links bind the collagen molecules to one

another and thereby confer integrity on the fibril.

Groups of fibrils then form fibers known as fascicle

bundles, which finally comprise the tendon proper.

There are at least 28 different collagen proteins, but

tendon and ligament are predominantly made up of

type I collagen [18]. The fibrillar collagen is

embedded in a hydrophilic extracellular matrix

consisting of proteoglycans, glycoproteins and

glycosaminoglycans, which are involved in the

development, organization and growth control of

tendon [19]. The large proteoglycan molecules are

dominated by versican and aggrecan, whereas

smaller proteoglycans, the small leucine rich pro-

teoglycan (SLRP) are dominated by decorin, and

has some amounts of biglycan, lumican and

Table 2.1 Molecular components of tendon tissue

Mechanical loading of tendon

Collagen in fibrils/fascicles – no turnover

(95 % stable structures after adolescence)

High turnover Collagen

(5 % – fibril fragments inter-fascicular?)

Non-collagenous matrix molecules

(Proteoglycans, (a) large: aggrecan, versican (b) SLRP:

decorin (80 %), biglycan, lumican, fibromodulin)

COMP, Lubrican, Elastin, Tenascin-C, Fibronectin

Cross-links

(a) enzymatic: lysyl oxydase initiated, (b) advanced

glycation end products (AGE’s)

12 S.P. Magnusson et al.



fibromodulin (Table 2.1). In addition molecules

like cartilage oligometric protein (COMP), lubri-

cant, elastin, tenascin –C and fibronectin are

represents important components of the tendon,

and each have roles to play in mechanical

properties such asmaximal tendon strength, tendon

stiffness and tissue elasticity (see Chap. 1). Finally,

cross-link molecules of both enzymatic and

non-enzymatic nature are a part of tendon.

The chief cell in tendon is the fibroblast, and

compared to other tissue there are relatively few

of them and they are evenly distributed within

the tendon. The cells are elongated along the

collagen fibril direction, and they have processes

that spread in between collagen fibers, which

allows for cell-cell signaling. As there currently

are no definitive markers for fibroblasts in ten-

don, it cannot fully be ruled out that other types

of cells may also be present in the tendon.

Tendon Metabolism

Strictly speaking, the oxidative metabolism is low

in tendon, which only contains few cell, and con-

tent of oxidative enzymes and of mitochondria is

relatively low because of the low number of cells.

Although mechanical loading of tendon can stim-

ulate increased interstitial tissue concentrations of

both glucose and free fatty acids, the changes are

small [20]. With the use of near-infrared spectros-

copy (NIRS) it has been demonstrated that exer-

cise resulted in only a moderate drop in oxygen

saturation and thus estimated oxygen consump-

tion within the human tendon [21], and the hyp-

oxia degree during even intense exercise upon the

Achilles tendon is still much less pronounced

compared to the hypoxia observed in the tendon

region when blood flow is occluded with a pneu-

matic cuff [22]. This does not exclude hypoxic

phenomenon in relation to tendon and the devel-

opment of pathology, but does not prove it either.

Collagen Synthesis and Turnover

Tendon mechanical properties and its cross sec-

tional area have been shown to increase in stiffness

and size, respectively, in response to training in

humans and animals, which indicates that mechan-

ical stimuli can lead to adaptive responses of the

tendon cells, resulting in changes of the extracellu-

lar matrix. However, it is yet to be determined

when and to what extent these changes can occur,

and the mechanisms responsible for these

adjustments are still debated, and a relatively

large discrepancy exists between results from ani-

mal and human studies. Mechanical loading of

tendon tissue during exercise or training can initiate

a signaling cascade that stimulates the cells located

in the tissue to increase their production of matrix

proteins, ultimately leading to tendon hypertrophy.

Such is “mechanotransduction” is well established

and described in vitro [23]. Conversely, when an

artificial tendon made from human tendon fibro-

blast is detensioned (cut), the expression of tendon

phenotypical important molecules like collagen

and tenomodulin is reduced [24]. Cell culture stud-

ies on tendon and ligament fibroblasts show that

fibroblasts respond to mechanical stretch by

increasing their production and secretion of certain

growth factors that in turn act on the fibroblasts to

induce expression and synthesis of collagen [23].

Growth factors involved in this signaling cascade

include transforming growth factor b1 (TGFb1)

and connective tissue growth factor (CTGF) [25,

26]. In addition, more indirect evidence suggests

that insulin like growth factor-I (IGF-I) could act as

a link between mechanical load and collagen syn-

thesis in tendon tissue [27, 28]. In small animal

models such mode of mechanotransduction is

involved in tendon adaptation to loading. As an

example, intense tendon loading in rats, generated

by electrically inducedmuscle training or synergist

ablation, leads to substantial increases in mRNA

expression of collagen-inducing growth factors,

IGF-I and TGFb1, in parallel with increased

mRNA expression of collagen type I and III in the

tendon tissue [29–31]. In addition, repeated bouts

of treadmill running have been shown to elevate

levels of IGF-I protein in rat tendons [28]. Thus

it seems likely that the tendon cells respond to

loading by increasing growth factor production,

and that the action of these growth factors leads

to induction of collagen expression. However, a

causal link between the increased expression of

these growth factors and the increase in collagen

expression have not been proven, and the exact

2 Collagen Homeostasis and Metabolism 13



molecular signaling pathways involved in

transforming mechanical signals into biochemi-

cal signals in tendons are still largely unknown

[32]. More recently, the administration of

growth hormone (GH) to individuals that were

subjected to lower limb immobilization for

2 weeks, counteracted the lowering of expres-

sion of collagen and og lysyl oxidase (LOX) that

is the enzyme responsible for cross link forma-

tion [33]. Interestingly this improved expression

of LOX during immobilization with GH treat-

ment was associated to less loss in tendon stiff-

ness during inactivity.

To support a loading-induced tendon collagen

synthesis in adult humans, microdialysis studies

have shown increased levels of markers for

collagen synthesis in the peritendinous tissue

surrounding the Achilles tendon tissue, in

response to both acute exercise and long-term

training [14, 34]. However, these microdialysis

data are only determining the peritendinous area

and are likely to reflect the collagen synthesis at

the very periphery of the tendon, or even outside

the tendon, rather than that of the actual tendon

tissue. A more direct way of measuring collagen

synthesis in human tendon tissue is to trace

incorporation of labeled amino acids in tendon

tissue. With this approach, an increased rate of

collagen synthesis was observed in patellar

tendons of young men in response to acute

kicking exercise [35]. However, several other

studies using the same technique, and the same

exercise model, could not confirm this loading-

induced collagen synthesis in adult human

tendon [36–39].

Gene-expression of growth factors and colla-

gen in response to exercise do not show similar

trends in adult humans vs rodents in response to

tendon loading. Three studies have investigated

gene expression in human patellar tendon tissue

in response to acute exercise. Two of these

investigations found decreased or unchanged

growth factor and collagen mRNA expression

in tendon biopsies from the mid-portion of the

tendon [40, 41], while one study found modest

increases in collagen and CTGF mRNA expres-

sion in tissue from the proximal part of the patel-

lar tendon in response to exercise [36]. In other

words, the response of adult human tendon tissue

to acute loading does not seem to mimic that of

rodent tendon tissue. This suggests that adult

human tendon tissue is far less responsive than

that of small animals, and such differences may

relate to the fact that rats and mice are still in a

growth phase at the point when they are typically

used in experiments [29–31], and consequently

their tendons may have more potential for adap-

tation than adult human tendons. As diverging

results exist in tendon research, it is currently

debated to what degree acute exercise influences

rates of collagen production in the adult human

tendon and at what basal rate tendon tissue is

actually metabolized. Using the carbon-14 (14C)

bomb pulse method, large amounts of 14C were

retained in healthy Achilles tendon core from

adults born during the peak of the 14C bomb

pulse, and this gives clear evidence of an

extremely slow rate of Achilles tendon tissue

turnover in adult life [42]. In comparison, no

remnants of 14C from the bomb pulse were

found in skeletal muscle tissue from the same

persons, indicating rapid turnover of this tissue

[42]. The evidence of slow tendon turnover is

supported by two earlier studies, in which accu-

mulation of pentosidine (non-enzymatic cross-

link) and D-aspartate were measured to estimate

long-term tissue turnover in adult human biceps

tendon [43] and mature horse tendon [44]

respectively.

The slow rate of tendon tissue renewal fits

poorly with data from studies investigating

acute tendon collagen synthesis rates with use

of either microdialysis sampled pro-collagen

propeptides or analyzing the incorporation of

labeled amino acids into tendon tissue. These

studies indicate relatively high basal rates of

tendon collagen synthesis, almost resembling

the synthesis rate of myofibrillar protein in skel-

etal muscle [35]. However, the measure of acute

incorporation of labeled amino acids suffers

from the complication that all new synthesis of

collagen is detected, even though this newly

synthesized collagen may often be rapidly

degraded, and thus never incorporated into the

tissue matrix [45]. Hypothetically, a potentially

large production of excess collagen, which is

14 S.P. Magnusson et al.



broken down relatively quickly and never

incorporated into the more permanent tissue

structures (i.e., collagen fibrils), will contribute

to the measured synthesis rate. In fact if it is

assumed that 90–95 % of collagen is contained

in stable structures of the tendon that do not

turnover, whereas 5–10 % of collagen is

contained in a rapid turnover pool of molecules,

the different finding in studied with different

design can in fact fit together and not be mutu-

ally contradictory. If this hypothesis holds true,

the findings of high basal levels of tendon pro-

tein synthesis (measured with amino acid

tracers) could be reconciled with a relatively

permanent tendon matrix in adult human and

horse tendon [42–44] (Table 2.1). It does, how-

ever, remain difficult to reconcile a very slow

tissue turnover with the fact that human tendons

can hypertrophy in response to long-term load-

ing (e.g. [46]), as the hypertrophic response

indicates some degree of synthetic activity.

One possible explanation is that loading-induced

tendon growth takes place at the very periphery

of the tendon. This could be reconciled both with

the 14C bomb pulse data, showing very low

turnover rates in the tendon core, and with the

fact that microdialysis experiments consistently

indicate a loading-induced collagen synthesis in

peritendinous tissue [34, 42]. This hypothesis is

supported by recent data on 6-month-old mice,

which showed that overload-induced plantaris

tendon hypertrophy was based on growth and

cell proliferation only in the most superficial

layers of tendon tissue, while the “original”

core tendon remained relatively constant [47].

A greater potential for growth at the tendon

periphery is further supported by an early study

that showed greater levels of IGF-I protein

expression in cells located in the rat Achilles

tendon periphery compared to those located in

the deeper part of the tendon [28]. Also more

recent studies suggest greater potential for

growth and cell proliferation in the superficial

parts of the tendon in rodents [48, 49]. In other

words, it may be speculated that a new layer of

collagenous matrix is added, comparable to a

tree ring, when the tendon grows in response to

loading.

Another explanation for the diverging results

in tendon research, with regard to the adaptabil-

ity of tendon tissue to loading and the overall

metabolic activity, could be that large differences

exist between different types of tendons. Data

from horses show that high-load tendons have

slower turnover than tendons subjected to more

moderate loads [44]. Though perhaps counterin-

tuitive, it may be speculated that high-load

tendons simply cannot “afford” to have a con-

stant remodeling going on as this may reduce

strength. Therefore the high-load Achilles tendon

may well have slower turnover than tendons that

are loaded less, such as the patellar tendon. This

could explain why patellar tendon hypertrophy is

seen relatively consistently in response to long-

term loading (e.g. [46]), while data on Achilles

tendon hypertrophy in relation to loading are far

less consistent [50]. In addition there may well be

regional differences within individual tendons.

As an example, training induced hypertrophy of

the patellar tendon is in most cases seen exclu-

sively at the proximal and distal parts, and not the

mid-tendon (e.g. [46]). It remains to be

investigated, if the apparent differences in

responsiveness between different tendons, and

between regions within tendons, are connected

to different levels of tissue turnover. Finally, a

potential explanation for exercise-induced hyper-

trophy could be that it is merely a consequence of

increased water content and not an actual accrual

of collagen matrix. This leaves the training

induced increase in tendon stiffness to be

explained, and potentially an increase in stiffness

could happen in the absence of collagen accrual

if cross-linking of the existing matrix was aug-

mented by loading. In favor of this hypothesis,

one study in rats showed a substantial increases

in mRNA expression of the collagen cross-

linking enzyme lysyl oxidase (LOX) in response

to 4 days of strength training [29].

Whether dynamic changes in collagen and

thus most likely also in fibril turnover in the

human body takes place (1) in the surface of the

tendon, (2) in the inter-fascular space with more

loosely arranged tissue or (3) represents dynamic

changes in single fibril thickness is yet to be

determined.
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Force Transmission Within
the Tendon

Information on the mechanical properties and

function of the tendon has historically been

based on measurements on whole tendon on

animal and human cadaver studies. However,

recent findings suggest that both the Achilles

and patellar tendon, which are some of the

strongest tendons in the human body, should

not necessarily be regarded as one single

force-transmitting structure. Data on cadaver

show that muscle activation of the separate tri-

ceps surae muscles can influence medial

and lateral forces in the Achilles tendon [51].

It has also been demonstrated in vivo that

during isometric contractions with the plantar

flexor muscles there is a differential displace-

ment between the soleus and gastrocnemius

aponeuroses just proximal to the junction with

the Achilles tendon [52]. During passive

dorsiflexion in vivo it can be seen that there is

greater displacement in the deep layer of the

tendon compared to superficial aspects [53].

These results indicate that the Achilles tendon

is exposed to intratendinous shear and stress

gradients during human loading depending on

muscle activation. While it may be intuitive that

three separate muscles may produce uneven

forces and shear within a commonly shared ten-

don, there is evidence suggesting that other ten-

don also should not be regarded as one single

force-transmitting structure [54, 55].

Patellar tendinopathy mostly involves the

proximal and posterior portion of the patellar

tendon, suggesting that perhaps this part of the

tendon has different mechanical properties. It has

been shown that if individual collagen fascicles

from the anterior and posterior portion of the

patellar tendon are mechanically tested, the ten-

don fascicles from the anterior portion display far

greater peak and yield stress and tangent modu-

lus compared to that of the posterior portion of

the tendon [56, 57]. In other words, the anterior

fascicles are stronger than the posterior fascicles.

Moreover, it appears that there are also region

specific biochemical and structural difference

within the patellar tendon [57]. These findings

demonstrate that there are region-specific mate-

rial properties within a tendon. To what extent

these regional differences contribute to the etiol-

ogy of tendinopathy, or how they relate to adap-

tation in response to load remains unknown.

The fact that fascicles from the anterior and

posterior portion of the human patellar tendon

displayed substantially different mechanical

properties [56] also implies that they may operate

largely independently. In fact, it has been shown

that lateral force transmission between adjacent

fascicles is rather small, and therefore the

fascicles may be considered functionally inde-

pendent structures and they extend the entire

length of the whole tendon [58]. The fact that

sliding between fascicles can take place may be

advantageous as tendons wrap around bones, for

example.

The fibroblast is located between fibrils

and in the inter-fascicular space. During tensile

loading the fibroblast and its cell nucleus

undergo deformation that may play role in the

mechanical signal transduction pathway of this

tissue [59, 60]. Loading can potentially place

strain on several components of the tendon that

contribute to an ‘injury’ or material fatigue that

requires repair. Such a repair process may be a

fine balance between synthesis and degradation

of the various components of the extracellular

matrix. However, it should also be noted that

too little stimulation (relative inactivity) may

also off-set such anabolic-catabolic balance [61].

The collagen fibril is the smallest functional

tensile bearing unit of the tendon. The fibril

are embedded in the matrix consisting of

many different molecules, including water,

proteoglycans, glycosaminoglycans, elastin,

and glycoproteins, which resembles a fiber-

reinforced composite material in which forces

are transmitted laterally to adjacent fibers

through the matrix. The proteoglycan decorin

and its associated glycosaminoglycan have been

suggested as a main force-transmitting complex

[62, 63]. However, it has been shown in both

ligament and tendon that when the majority of

these proteins are removed, the elastic and
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viscous properties of the tendon are left unaf-

fected [64, 65]. This suggests that either different

linker molecules exists or that collagen fibrils are

continuous throughout the length of the tendon

[66], but this has not yet to be confirmed.

The tropocollagen molecule is comprised of

three polypeptides arranged as a triple helical

structure stabilized by H-bonds [67]. The

molecules are organized in a precise pattern to

form collagen fibrils, which are the principle

tensile bearing structure within the tendon. An

important contributor to the mechanical

properties of the tendon is the intermolecular

cross-links [17, 68]. During loading, the triple

helix itself may elongate, the gap region between

longitudinally adjoining molecules of the fibril

may increases, or there may be a relative slippage

between laterally adjacent molecules [69–72], or

a combination thereof. However, individual col-

lagen molecules have a fracture modulus that far

exceeds that of the tendon fibril [67, 73], and is

therefore unlikely the ‘weak link’ in terms of

fracture/injury. Cross-linking in collagen is

believed to be a major source of mechanical

strength in connective tissues, and improved

mechanical properties during development is

likely related to maturation of enzymatic cross-

links [74]. It was recently shown that isolated

fibrils display an initial rise in modulus followed

by a plateau with reduced modulus, which was

finally followed by an even greater increase in

stress and modulus before failure [75]. This

mechanical behavior may relate to cross-link

maturity of the tissues.

Chronic Loading of Tendon – Physical
Training

Knowledge of whether and how tendons adapt to

increased loading, has until recently been some-

what limited. The average tensile stress (force/

area) exerted on the tendon will depend on its

cross-sectional area. Therefore, for a given force

a larger cross-sectional area will yield a reduc-

tion in stress, and possibly confer a reduction in

injury risk. Human tendons, including the patel-

lar and Achilles tendons, typically have a

fracture stress of ~100 MPa. However, most

tendons are only subjected to stresses of up to

30 MPa [76], which gives tendons a reasonable

safety margin, although the Achilles tendon

might experience stresses of up to ~70 MPa [1].

In humans, there is some evidence suggesting

that habitual long distance running (>5 years) is

associated with a markedly greater cross-

sectional area (22 %) of the Achilles tendon

compared to that of non-runners [77]. However,

a total training stimulus of approximately

9 months of running in previously untrained

subjects did not result in hypertrophy of the

Achilles tendon [50]. This lack of tissue adapta-

tion may relate to the relative unresponsiveness

of tendon tissue.

The lack of response to 9 months of endurance

training may also relate the absolute load or the

time of exposure: It has been shown that resis-

tance training can result in tendon hypertrophy

[46, 78], and it has been shown that athletes that

expose the patellar tendon to intermittent high

loads on one side but not the other for years also

have a greater tendon cross-sectional tendon [79]

on the loaded side. The data from determining

collagen turnover with 14C-bomb pulse tech-

nique, indicate that larger structural changes in

tendon towards physical training requires that

these occur in childhood or in adolescence [42].

A greater tendon cross-section will yield a lower

average stress on the tendon when loaded. Curi-

ously, it appears that the tendon hypertrophy is

largely regional, such that the increase occurs

primarily in the ends of the tendon [79]. In

humans it has been shown that resistance training

with large loads may also increase the material

stiffness (modulus) of the tendon [78], although

the structural site for the change remains

unknown.

Tendon collagen fibrils are the basic force-

transducing units of the tendon, and the morphol-

ogy of the fibrils is commonly believed to largely

influence the mechanical properties and function

of the tendon. However, currently the picture is

not coherent: in animal models it has been

shown that an increase in physical activity may

decrease, increase, or leave the fibrils size

unchanged [80–82]. In humans, it has been
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shown that fibril morphology is unaltered by life-

long endurance training [83], while it is

influenced by heavy resistance training in

patients with tendinopathy [84]. The intermolec-

ular cross-links may also be an important con-

tributor to the properties of tendon tissue. The

cross-links can be divided into two broad

groups, the enzymatic and the non-enzymatic.

Enzymatic cross-links are formed as a result of

the lysyl oxidase (LOX) enzyme acting on the

type I collagen molecule [85]. In tendons, the

enzymatic cross-link composition changes with

maturation, and it has been shown that it can be

modulated with heavy resistance training [86].

Non-enzymatic cross-links are formed when

reducing sugars bind to amino acids and are

referred to as advanced glycation end-product

(AGE). AGE accumulation is dependent on col-

lagen turnover rates in the specific tissue and

therefore naturally collects during the aging

process to a higher extent in tissue with low

collagen turnover [87]. In tendon tissue it has

been shown that both endurance training and

resistance training may reduce AGE accumula-

tion [83, 86].

Unloading of Tendon

It is well known that immobilization is associated

with a decline in maximal muscle strength and

muscle mass and that both contribute to a

reduced muscle function [88, 89]. Interestingly,

a recent study report that unloading affects ten-

don properties to a greater extent than it does

muscle loss [90]. Some animal immobilization

studies show that tendon stiffness is reduced

without a change in tendon size [91, 92], which

would imply an alteration in the material compo-

sition, although some have shown opposite

results [93]. Data on young subjects also show

that mechanical properties of the tendon decrease

without tendon atrophy [90, 94, 95]. Short-term

immobilization has been reported to reduce ten-

don modulus by up to 30 % in 23 days [90], and

up to 58 % after 90 days [96]. Overall, it appears

that the tendon responds quite robustly to even

brief periods of immobilization and that it results

in a reduced modulus, i.e. material stiffness.

Along with the reduction in stiffness with immo-

bilization, it has also been demonstrated that the

synthesis of collagen is markedly reduced with

immobilization [97]. These two events may how-

ever not be related, and rapid adaptations in other

matrix proteins or tendinous structures may take

place and explain the change in mechanical

properties. Both in young and in elderly

individuals, 2 weeks of immobilization has

demonstrated a marked loss in tendon stiffness,

and interestingly, administration of growth hor-

mone (GH) over the 14 days, counteracted this

loss somewhat [33, 98]. Even more interesting

was the finding that the effect of GH also had an

inhibiting effect upon the decline in lysyl oxidase

(LOX) mRNA that was observed with inactivity

[33]. Although no proof of causality, its interest-

ing that changes in stiffness and in LOX mRNA

were accompanied, and at least not speaking

against a role for enzymatic cross link formation

(or lack thereof) in the determination of tendon

stiffness.

With respect to the fibril morphology it has

been shown that there is a decrease in the number

and average diameter of collagen fibrils with

immobilization [99, 100]. In addition, the

interfibrillar spacing has been reported to

increases with immobilization [101]. This

reduced fibril density may explain the loss of

tendon material properties while tendon CSA

remains unchanged, which could be due to

increased interstitial water and/or other ECM

components [90, 102]. It was recently shown in

humans that a 2-week immobilization period

resulted in reduced tendon stiffness, although

the fibril morphology was unaffected. Such

rapid changes in mechanical properties may be

related to changes in enzymatically driven cross-

links [33]. It has been proposed that tension on

the tendon is a key factor in maintaining homeo-

stasis [103], and this rapid change in mechanical

properties in response to inactivity underscores

this notion.
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The Aging Tendon

With aging muscle mass, strength and overall

activity level declines. The fact that activity

level declines along with muscle mass has made

it difficult to delineate these separate effects and

therefore, to what extent aging, per se, affects

tendon mechanics has not been entirely clear. For

quite some time only animal data was available

in terms of tendon mechanics and these have not

provided a coherent picture. Some of these stud-

ies reported increased tendon modulus and

strength with age [104–106], while others have

found the opposite [107–111], or no change at all

[100, 112–114]. In vitro results on human

tendons generally suggest that there are either

no changes or a reduction in the modulus and

strength of the tendon with aging [115–117].

More recently it has been possible with the use

of ultrasound technology to examine tendon

properties, in vivo [118]. It seems that these

data corroborates the in vitro data: when whole

tendon extensibility is compared in young and

old at a common force (not maximal force), the

extensibility remains unchanged [119, 120] or is

actually increased [121–125]. A recent study

examined trained and untrained young and

older persons and could demonstrate that the

strain and stiffness was unaltered with age and

or with life-long habitual endurance training

[83]. However, older trained persons had a

greater (patellar) tendon cross/sectional area

and therefore the average stress (force/area) was

lower in the old trained individual. The latter

finding may be of importance in terms of risk of

overuse injury.

From a structural standpoint it seems that

aging alters the tendon composition although it

largely maintains its mechanical properties. It

has been shown that the density of pentosidine,

which is an advanced glycation end product,

will increase sevenfold tendon in old compared

to young [126]. Presumably an increase in

advanced glycation end products should augment

tendon stiffness. At the same time, the collagen

content of the is reduced substantially (34 %)

[126]. It is possible that the elevated nonenzymatic

cross-link density in old serves to maintain

tendon stiffness despite the diminished collagen

concentration

Tendon Connections with Bone and
Skeletal Muscle

Most of the information on tendon homeostasis

and metabolism comes from studies of

mid-tendon, and the insertional parts of the ten-

don whether it be to bone or to the skeletal

muscle are much less studied. It is known that

many bony insertional parts of the tendon

(e.g. Achilles tendon) is more rich of collagen

type II content as well as of aggrecan, both

substances dominating cartilage like tissue

[127]. This fits with the finding of compressive

forces in addition to tensile forces in that inser-

tional part of the tendon. Further, it is notable

that in studies investigating the structural adap-

tation to chronic physical loading (training), it is

found that the increased cross sectional area of

the Patella tendon observed in trained vs

untrained individuals is most pronounced in

areas close to the bony insertion of the tendon

whether it is close to the Patella bone, or to the

tibial bone [79].

The connection between muscle and tendon

tissue is often subjected to tissue failure when

subjected to excessive strain (“muscle strain

injury”) [128]. Animal studies have demonstrated

the interphase between tendon and muscle – the

myotendinous junction – to be tendon finger-like

processes that merge into skeletal muscle [129,

130], and more lately human studies have con-

firmed tendonmade ridge-like (rather than finger-

like) protrusions that interdigitates with groove-

like evaginations in the muscle cell [131]. The

myotendinous junction is known to consist of

both actin microfilaments, actin binding proteins,

proteins that link actin bundles to the sarco-

lemma, trans-membrane proteins that link cyto-

skeletal elements to extracellular components,

and proteins that link external lamina to the

collagen-fibril rich matrix. Further, a high content

of collagen dominated by collagen type I and III is
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present, and interestingly the myotendinous junc-

tion is the only location in the muscle tendon unit

where collagen type XXII is present [131, 132].

Physical training is known – at least in animals –

to cause an increase in the tissue interphase “fold-

ing” and thus extent of the area of the

myotendinous junction, which results in a larger

contact surface area between muscle and tendon,

and thus results in a higher tolerable mechanical

load [133]. Apart from increasing the tolerable

load due to contact area expansion, it might also

be that more shear-like rather than simple tensile

stress due to the folding may improve tolerable

tissue load even further, and the ridge-like tendon

form into the muscle cell may contribute to a

“grab- or trap-effect” when muscle contractions

shorten but thicken the muscle cell and thus

“anchoring” the tendon parts into the muscle

[131]. To what extent physical training influence

the myotendinous junction in humans has not

been documented.

Conclusion

The collagen rich tissues of the musculoskeletal

system are important for maintaining the archi-

tecture of the skeletal muscle, ensuring force

transmission, storing energy, protecting joint

surface and stability, and ensuring the transfer

of muscular forces into resulting limb move-

ment. The tendon structure is relatively stable

and its metabolic activity is low, but mechanical

loading and subsequent mechanotransduction

and molecular anabolic signaling can result in

some adaptation of the tendon especially during

youth and adolescence can result in increased

tendon size. Within short time, tendon will get

stiffer with training and lack of mechanical tis-

sue loading through inactivity or immobiliza-

tion of the human body will result in a

dramatic loss tendon stiffness and collagen syn-

thesis. This illustrates the importance of regular

mechanical load in order to preserve the

stabilizing role of the connective tissue for the

overall function of the musculoskeletal system

in both daily activity and exercise. Adaptive

responses may vary along the tendon, and

differ between mid-substance and insertional

areas of the tendon.
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Abstract

It has been suggested that blood circulation within the tendons contributes

to repair of the tendon after the exercises. Recently, blood circulation of

human tendons could be measured using red laser lights (Kubo

et al. 2008b). Using this technique, we were able to measure changes in

blood volume and oxygen saturation of human tendons by various

treatments. During a 60-min heating, the blood volume and oxygen

saturation of the tendon increased significantly from the resting level,

and continued to increase by 35 min. These changes in blood circulation

of tendon were considerably different from the temperatures of muscle

and skin. Furthermore, when the needle tip was moved up and down from

the targeted depth (up-and-down manipulation) at approximately 1 mm

amplitude, the blood volume and oxygen saturation of the treated tendon

increased significantly. After the removal of the acupuncture needle, the

blood volume and oxygen saturation of the tendon increased gradually for

the non-treated side. These results suggested that the change in blood

circulation of the tendon during acupuncture with up-and-down manipu-

lation was caused by axon reflex, and increase in blood flow in the tendons

after the needle removal might be caused through the central nervous

system. It is well known that heating and acupuncture treatments were

quite effective in the management of tendon injuries. Therefore, these

phenomena would be related to the changes in blood circulation of

tendons due to heating and acupuncture treatments.
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Introduction

Blood circulation of human tendon has so far

been investigated using radioisotope scanning

and laser Doppler flowmetry [1, 2]. However,

the radioisotope scanning technique exposes

subjects to radiation, and laser Doppler

flowmetry requires the invasive insertion of a

probe. Therefore, these methodologies seem to

be difficult for applying to investigate the

changes in blood circulation of human tendon

in the athletic and medical fields. Recently, we

claimed that the blood volume and oxygen satu-

ration of human tendon could be determined

using red laser lights [3]. The present chapter

will address the recent findings on blood circula-

tion of human tendon using this technique. It

should acknowledge that the anatomical point

of view concerning the blood vessels and vascu-

lar system of tendons are beyond the scope of this

chapter [4].

Measurement of Blood Circulation
of Human Tendon Using Red Laser
Lights

In the late 1980s, near infrared spectroscopy has

made it possible to evaluate changes in the

oxygenation of tissues non-invasively [5]. This

technique has been used to assess changes in

blood volume and the balance between oxygen

delivery and its utilization in the human muscle

in vivo. However, this technique requires a

large volume of measured samples, because the

difference in absorption by oxy- and deoxy-

hemoglobin in the near-infrared region is small.

Kashima [6] developed a method for measuring

the blood volume and oxygen saturation in a

small volume of tissue (<1 cm3) using three red

laser lights based on the Beer-Lambert law.

We used red laser lights (BOM-L1TRSF,

Omega Wave, Tokyo, Japan) to measure the

blood volume and oxygen saturation of human

Achilles tendon in vivo [3]. A probe (SF-DS,

Omega Wave, Tokyo, Japan) was positioned

30 mm proximal to the calcaneus. This

instrument used three red laser lights (635, 650,

and 690 nm), and calculated the relative tissue

levels of oxyhemoglobin, deoxyhemoglobin,

blood volume, and oxygen saturation. The dis-

tance between the light source and photodetector

was 5 mm. According to the findings of Kashima

[6], the measurement depth was estimated at

3–5 mm when the distance between the light

source and photodetector was 5 mm. The details

of this technique and principles of this instrument

have been described elsewhere [3, 6]. Briefly,

two-point detection and the differential calcula-

tion method were used for measuring the blood

volume and oxygen saturation only in the deep

region of the tissue (measurement depth of

3–5 mm). The blood volume and oxygen satura-

tion at specific depths of tissue could be

measured by changing the location of the two

detectors. The offset value of the blood volume

was reduced, and highly sensitive measurements

were achieved using the two-point detection

method.

During contraction at 50 % of maximal vol-

untary contraction, the blood volume and oxygen

saturation of the Achilles tendon as well as the

medial gastrocnemius muscle (using near infra-

red spectroscopy) decreased significantly from

the resting level (Fig. 3.1). However, the extents

of decrease in blood volume and oxygen satura-

tion were considerably lower in tendon than in

muscle. We also observed that there was a dis-

tinct difference in the changes of blood circula-

tion between the tendon and the skin measured

by laser Doppler flowmetry. Using ultrasonogra-

phy, we confirmed that the depth of the Achilles

tendon from the skin was 2.2 mm at its superficial

surface and 7.8 mm at its deep surface. Consid-

ering these findings, the present methodology

was appropriate for investigating blood circula-

tion of human tendon in vivo.

Effect of Heating on Blood Circulation
of Human Tendon

Heat treatment has been used as a physical ther-

apy for muscle and tendon injuries [7]. The

healing of injuries induced by heat treatment
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was considered to be related to the increase in the

blood flow of each tissue. According to the pre-

vious findings [8, 9], the blood flow of muscle

and skin increased considerably when the tem-

perature of each tissue elevated. However, no

study has investigated the effects of heat treat-

ment on blood circulation of human tendon

in vivo. In athletic and medical fields, the appli-

cation time of heat treatment was around 20 min.

The duration of heating would be selected,

because the heat treatment (e.g., hot pack appli-

cation, hot water immersion) to the human limbs

produced peak temperatures of skin and muscle

at approximately 10 min [10, 11]. However, we

should decide the duration of heat treatment

according to the changes in blood circulation of

each tissue during heating. Therefore, we aimed

to investigate changes in blood circulation of

tendon during heating, and thus to suggest an

appropriate duration of heat treatment for the

injured tendon based on the present findings [12].

During a 60-min heating, the blood volume

and oxygen saturation of Achilles tendon were

measured using red laser lights. A hot pack

provided the specific localized temperature con-

trol. Throughout the experiment, the

temperatures of muscle and skin were measured

by a deep body thermometer. During heating, the

temperature of each muscle and skin continued to

increase by 20 min and 10 min, respectively

(Fig. 3.2). From the point of 15 min, the blood

volume and oxygen saturation of the heated

tendon increased significantly from the resting

level, and continued to increase by 35 min

(Fig. 3.3a, b).

The application of heat treatment for the

injured muscle and tendon has so far been used

during 15–30 min, because the hot pack applica-

tion and hot water immersion produced peak

a b

Fig. 3.1 Changes in blood volume (a) and oxygen

saturation (b) of the Achilles tendon (open) and medial

gastrocnemius muscle (closed) during 50 % of the

maximum voluntary contraction (Modified from Kubo

et al. 2008b). * significantly different from the resting

level

Fig. 3.2 The time course change in the temperatures of

muscle (closed square) and skin (open cross) during

60 min of heating (Modified from Kubo et al. 2012). #

significantly different from the point of 60 min
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temperature of surface and muscle at approxi-

mately 10 min [10, 11]. In the present study, the

increases in temperatures of each tissue leveled

out at 10–20 min, and were agreed with these

previous studies [10, 11]. However, the present

study showed that changes in blood circulation of

tendon were different from the changes in their

temperatures. During a 60-min heating, the blood

volume and oxygen saturation of tendon

continued to increase by 35 min (Fig. 3.3a, b).

Although the mechanisms, which resulted in the

increase of blood volume of tendon during

heating, are unknown, it seems reasonable to

suppose that increase in blood volume of tendon

would result from opening of vessels and

increase in capillary permeability. In addition,

increased oxygen saturation during heating

would be related to lower oxygen consumption

of tendon [13, 14]. Giombini et al. [7] suggested

that increases in oxygen and nutrients are neces-

sary to effect tissue repair. Consequently, it is

likely that the duration of heating more than

35 min would be able to supply sufficient blood

and oxygen to treat the injured tendons.

According to previous finding [7], heat treatment

was quite effective in the management of tendon

injuries, especially overuse tendinopathies.

Indeed, previous study indicated that synthesis

and proliferation of collagen were closely related

to oxygen availability [15]. Considering the pres-

ent and these previous findings, we may say that

the duration of heating more than 35 min would

be necessary to treat the injured tendons.

Effect of Acupuncture on Blood
Circulation of Human Tendon

In recent years, acupuncture has been increas-

ingly used to treat acute and chronic pain

conditions [16]. This treatment is expected to

improve blood flow to the injured tissues.

According to the previous studies using animals

and humans [17, 18], the blood flow in skin and

muscle increased considerably during needle

stimulation at specific sites. Sandberg et al. [17]

reported that needle insertion into the anterior

tibial muscle in healthy female subjects

increased both skin and muscle blood flow. On

the other hand, the blood flow of the skin and the

muscle of the non-treated site and/or contralat-

eral limb increased when acupuncture treatment

was applied [19, 20]. For example, Ernst and Lee

[19] demonstrated that the temperature of the

a b

Fig. 3.3 The time course change in the blood volume

(a) and oxygen saturation (b) of the Achilles tendon

during 60 min of heating (Modified from Kubo

et al. 2012). * significantly different from the resting

level. # significantly different from the point of 60 min
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non-treated sites as well as the treated site

increased during and after acupuncture. They

suggested that these interesting phenomena

were brought about by a central effect rather

than a peripheral effect. Therefore, it is expected

that the blood circulation of both the treated and

non-treated tendons change during acupuncture

treatment.

During the acupuncture treatment (10 min)

and recovery period (40 min), the blood volume

and oxygen saturation of the treated and the

non-treated tendons were measured using red

laser lights [21]. After the needle insertion, the

needle was left in place for 5-min without any

manipulations (Acu-1). Then, the needle tip was

moved up and down from the targeted depth

(up-and-down manipulation) at approximately

1 mm amplitude and 2 Hz for 3 min (Acu-2).

After this technique, the needle was left in

place for 2-min without manipulations (Acu-3).

The time course changes in the blood volume

and oxygen saturation of the treated and

the non-treated tendons during acupuncture

treatment and recovery period are shown in

Figure 3.4. The blood volume and oxygen satu-

ration did not change during acupuncture without

manipulation (Acu-1). During up-and-down

manipulation (Acu-2), all measured variables

for the treated side increased significantly,

while those for the non-treated side did not. Dur-

ing the recovery period, the blood volume and

oxygen saturation of the tendon remained high

a

b

Fig. 3.4 The time course

changes in the blood

volume (a) and oxygen

saturation (b) of the

treated tendon (open) and
non-treated tendon (closed)
during acupuncture

treatment and recovery

periods (Modified from

Kubo et al. 2011).

* significantly different

from the resting level
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values for the treated side. Considering these

results, we may say that the up-and-down manip-

ulation is necessary when we apply acupuncture

treatment to the injured tendon. Some previous

studies showed that the manual acupuncture (like

Acu-2) caused decrease of heart rate and

decrease of muscle sympathetic activity

[22, 23]. If the changes in blood circulation

would be caused by central effects [22, 23], the

blood volume and oxygen saturation of the

non-treated tendon may increase during acu-

puncture. However, the expected increases in

these variables were not observed in this study.

Accordingly, it is likely that the change in blood

circulation of the tendon during acupuncture with

up-and-down manipulation (Acu-2) is caused by

axon reflex rather than somato-viceral reflex (see

Chap. 4).

Other interesting finding was that the blood

volume and oxygen saturation of the tendon

increased gradually for the non-treated side.

Ernst and Lee [19] also showed that the skin

temperature (corresponding to the blood flow)

in the non-treated face and foot as well as the

treated hand increased for a long time after the

needle removal. These present and previous

results suggested that the increase in blood flow

in the tendons after the needle removal might be

caused through the central nervous system.

Although it was unknown that the exact mecha-

nism for the changes in the blood circulation of

the non-treated tendon after removal of the nee-

dle, further investigations are needed to clarify

the mechanism of this interesting phenomenon.

Furthermore, blood circulation in the injured ten-

don in a plaster cast may be improved by apply-

ing acupuncture treatment to the contralateral

healthy limb.

Conclusion

Recent studies demonstrated that blood circula-

tion of human tendon was able to measure using

three red laser lights based on the Beer-Lambert

[3]. In addition, this technique might be appro-

priate for investigating the physiology and

pathology of the human tendon in vivo. However,

these results as quoted above were obtained from

the healthy subjects [12, 21]. In the future study,

we need to investigate the effects of the changes

in blood circulation of the tendon on the healing

of actual injured tendons.
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Tendon Innervation 4
Paul W. Ackermann, Paul Salo, and David A. Hart

Abstract

The regulation of tendon metabolism including the responses to loading is

far from being well understood. During the last decade, however,

accumulating data show that tendon innervation in addition to afferent

functions, via efferent pathways has a regulatory role in tendon homeo-

stasis via a wide range of neuromediators, which coordinate metabolic and

neuro-inflammatory pathways.

Innervation of intact healthy tendons is localized in the surrounding

structures, i.e paratenon, endotenon and epitenon, whereas the tendon

proper is practically devoid of neuronal supply. This anatomical finding

reflects that the tendon metabolism is regulated from the tendon envelope,

i.e. interfascicular matrix (see Chap. 1).

Tendon innervation after injury and during repair, however, is found as

extensive nerve ingrowth into the tendon proper, followed by a time-

dependent emergence of different neuronal mediators, which amplify

and fine-tune inflammatory and metabolic pathways in tendon regenera-

tion. After healing nerve fibers retract to the tendon envelope.

In tendinopathy innervation has been identified to consist of excessive and

protracted nerve ingrowth in the tendon proper, suggesting pro-inflammatory,

nociceptive and hypertrophic (degenerative) tissue responses.

In metabolic disorders such as eg. diabetes impaired tendon healing has

been established to be related to dysregulation of neuronal growth factors.
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Targeted approaches to the peripheral nervous system including neu-

ronal mediators and their receptors may prove to be effective therapies for

painful, degenerative and traumatic tendon disorders.

Keywords

Tendon • Innervation • Peripheral nervous system • Homeostasis •

Tendinopathy • Neuropeptides

Introduction

Tendon homeostasis is the balance between for-

mation and resorption [1]. Mechanical loading is

the most powerful and well-known extrinsic fac-

tor to regulate tendon protein synthesis and deg-

radation [1]. While loading over time leads to a

net gain in collagen repeated loading, however,

exceeding the tendons capacity of new collagen

formation is harmful and may trigger the devel-

opment of tendinopathy.

Prolonged unloading may additionally be

detrimental for the human tendon. Disuse

leads to reduced tendon mechanical stiffness

[2]. Prolonged unloading post injury also

demonstrated negative effects on tendon

mechanical properties and production of extra-

cellular matrix molecules [3–5].

Although it is well known both clinically and

experimentally that loading improves while

unloading impairs tendon protein synthesis, the

exact mechanisms and regulatory factors respon-

sible for this mechano-biological transduction

are still not fully known. In spite of this gap in

knowledge, accumulating data do suggest that

the peripheral nervous system including specific

mediators and their receptors play an important

role in tendon homeostasis and repair as well as

in tendinopathy [6].

Innervation of Tendons

Generally, tendons exhibit a low degree of inner-

vation, which may partly explain the slow adap-

tation to repetitive loading, prolonged healing

and vulnerability to chronic injuries [7, 8]

(Fig. 4.1). The innervation of tendons originates

from neighbouring muscular, cutaneous and

peritendinous nerve trunks [9]. From the

myotendinous junction nerve fibres cross and

enter the endotenon septa. In the paratenon,

nerve fibres form rich plexuses and send small

branches that penetrate the epitenon. Nerve fibres

do not under normal conditions enter the tendon

proper, but terminate as nerve endings on the

different surfaces of the tendon (paratenon,

epitenon, endotenon) [10].

The nerves innervating tendons are composed

of a low degree of myelinated, fast transmitting

Aα- and Aβ-fibres and a higher degree of unmy-

elinated, slow transmitting Aγ-, Aδ-, B- and

C-fibres [8, 11].

The nerve endings of (1) Aα- and Aβ-fibres
are of types I-III and mediate mechanoception.

These include Type I or Ruffini corpuscles (pres-

sure and stretching sensors), II or Vater-Pacini

corpuscles (pressure sensors, reacting to acceler-

ation and deceleration of movement), type III or

Golgi tendon organs (tension receptors)

[12, 13]. Tension receptors (Type III) have been

found mostly in the myotendinous junction and

insertion areas [13].

The nerve endings of (2) Aγ-, Aδ-, and

C-fibres are of type IVa, so called nociceptors,

mediating deep tissue pain and hyperalgesia that

are characteristic features of pain in

tendinopathy. The nerve endings of B-fibres,

which are autonomic, consist of type IVb fibres

that are mainly localised in the walls of small

arteries, arterioles, capillaries, and postcapillary

veins exerting vasomotor actions [13].

In addition to these classical afferent

functions it is now well established that the

peripheral nervous system also participates in

the efferent regulation of a wide variety of effer-

ent physiological responses, including actions on
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cell proliferation, expression of cytokines and

growth factors, inflammation, immune responses

and hormone release. In the last decade, further

characterization of tendon innervation related to

mediator phenotypes and neuronal regulation of

tendon homeostasis has received increasing

attention.

In addition to classical neurotransmitters

(monoamines, acetylcholine, amino acids) sev-

eral neuropeptides, which act as chemical

messengers in the central and peripheral nervous

system, have been identified in tendons

[14]. Neuropeptides differ from classical

neurotransmitters in several respects [8, 15]

since they generally exhibit more long-term

effects than the classical neurotransmitters.

The effects of neuropeptides and classical

transmitters are also elicited by different receptor

mechanisms. While classical transmitters act on

ligand-gated ion channels, neuropeptides act by

binding to specific plasma membrane receptors,

called G-protein coupled receptors [16]. Several

G-protein coupled receptors have been identified

in tendons and when stimulated they generate

various second messengers, which can trigger a

wide range of effector mechanisms regulating

cellular excitability and function [14]

(Table 4.1).

Neuromediators in Healthy Tendon

In general, tendons seem to exhibit neuronal

mediators of a similar variety as observed in

other organs of the body including those of vari-

ous sensory including opioid, autonomic, and

excitatory neuromediators (Table 4.1). In con-

trast to most other tissues, however, the tendon

proper during normal conditions is devoid of

nerve fibers. Innervation is found in the tendon

envelope, i.e. the paratenon, endotenon and

surrounding loose connective tissue (Fig. 4.1).

Another vital feature of tendon neuroanatomy is

the presence of counteracting mediators, i.e. pro-

and anti-inflammatory peptides [17]. These

Fig. 4.1 (a–c). Overview of several arranged

micrographs of longitudinal sections through the Achilles

tendon after incubation with antisera to general nerve

marker PGP 9.5. Micrographs depict the proximal half

of the Achilles tendon at increasing magnification in

figures (a–c). Arrows denote varicosities and nerve

terminals. The typical vascular localisation of NPY is

depicted in lower left (b), whereas the free nerve endings
are typical localisation of SP (c). The immunoreactivity is

seen in the paratenon and surrounding loose connective

tissue, whereas the proper tensinous tissue, notably, is

almost devoid of nerve fibers pt ¼ paratenon

(Reproduced with permission from Ackermann

et al. [32])
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observations would suggest that the homeostatic

regulation of healthy tendon tissue is highly

dependent on the balance of neuromediator mod-

ulation occurring in the tendon envelope.

Sensory Neuromediators

The sensory nerves Type IVa act principally

through release of slowly acting mediators,

i.e. neuropeptides and opiods. In tendons, sen-

sory neuropeptides with nociceptive and

pro-inflammatory effects (substance P (SP), cal-

citonin gene related peptide (CGRP) and

neurokinin A (NKA)), sensory modulatory

neuropeptides with anti-inflammatory actions

(galanin (GAL), somatostatin (SOM)), as well

as opioid neuropeptides with anti-nociceptive

and anti-inflammatory effects (Leu-enkephalin

(LE), Met-enkephalin (ME), Met-enkephalin-

Arg-Phe (MEAP), Met-enkephalin-Arg-Gly-

Leu (MEAGL), nociceptin) have been identified

(Table 4.1) (Fig. 4.2a–d) [14].

Abundant amounts of sensory neuromediators

have been detected in peri-vascular nerve fibers

in the surrounding loose connective tissues,

which may reflect an important role in the regu-

lation of blood flow to the tendon structures.

Both SP and CGRP have been reported to be

potent vasodilators [18] and exert

pro-inflammatory effects [19, 20]. The occur-

rence of sensory neuromediators in free nerve

endings not associated with vessels, predomi-

nantly seen in the paratenon, may suggest noci-

ceptive, trophic and immune regulatory roles.

In tendons receptors for SP (neurokinin

1, NK1) and CGRP (calcitonin receptor-like

receptor, CRLR, and receptor activity-modifying

proteins, RAMP-1) have been identified [21]

(Table 4.1). These receptors have been found

localized on tendon cells, immune cells, blood

vessels and on free nerve endings unrelated to

vessels. These localizations corroborate the

suggested trophic, immune regulatory,

vasoregulatory and nociceptive effects of the

sensory neuromediators on tendon metabolism.

Autonomic Neuromediators

The sympathetic nervous system regulates

inflammatory processes at local and systemic

levels through the balanced release of sympa-

thetic and parasympathetic mediators. The sym-

pathetic mediator norepinephrine (noradrenaline,

NA) together with neuropeptide Y (NPY) are

released upon injury or nociceptive input, while

parasympathetic mediators acetylcholine (ACh)

Table 4.1 Neuromediators in tendons

Type Sub-Type Mediator Receptor Actions

Sensory

(Type IVa)

Sensory SP NK1 Pro-inflammatory

CGRP CRLR, RAMP-1

NKA NK2*

NKB*, NPK*, NPG* NK3*

Opioid and opioid

like

Enkephalins: LE, ME,

MEAP

δ-opiod receptor Anti-inflammatory

Dynorphins: DYN BND κ-opiod receptorND

EndomorphinsND μ-opiod receptorND

NociceptinND N/OFQ receptor*

Opioid like: GAL, SOM GalR1-3*, SSTR1-5*

Autonomic

(Type IVb)

Sympathetic Noradrenaline α-,β- adrenoceptors Pro-(anti)-

inflammatoryNPY Y1-3*

Para-sympathetic Acetylcholine Nicotinic, muscarinic Anti-inflammatory

VIP VPAC1-2*, PAC1*

Excitatory Glutamatergic amino

acid

Glutamate NMDA, mGlu, AMPA*,

Kainate*,

Sensitization

ND Not detected in tendon, * Not yet assessed in tendon
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and vasoactive intestinal polypeptide (VIP) are

released by vagus nerve activation called the

‘cholinergic anti-inflammatory pathway’ [17]

(Fig. 4.3a–c).

The occurrence of sympathetic NA and

NPY as well as parasympathetic mediators

ACh and VIP has been demonstrated in tendon

[22–27]. The observations of NA and NPY

around blood vessels in the loose connective

tissue around the main body of the tendon sug-

gest that the sympathetic tendon vasoregulation

occurs predominantly in the tendon envelope

(Fig. 4.3a–b).

Adrenergic receptors responding to NA (Α-
-adrenoceptors) and to NPY (Y1) have been

identified on tendon cells, blood vessel walls

and on nerve fibers [24, 27]. These localizations

suggest that adrenergic stimulation of tendons

may be involved in proliferation of tenocytes,

endothelial cells and possibly nerve cells.

Excitatory Neuromediators

Accumulating data suggest that modulation of

glutamate signalling by inhibition of its

receptors, ionotropic (NMDA, AMPA, Kainate)

and metabotropic (mGlu), may have potential for

targeted therapy in several persistent pain

conditions [28, 29]. Moreover, glutamate signal-

ing is implicated in programmed cell death,

apoptosis.

Recently, glutamate and several of its

receptors have been identified in tendon on

nerve fibers, blood vessels and cells (Fig. 4.4)

[29–31]. These localizations of glutamate have

Fig. 4.2 (a–d) Immunofluorescence micrographs of

longitudinal sections through the Achilles tendon after

double staining with antisera to SP and CGRP (a), SP
and GAL (b) LE and DOR (c) and incubation with

antisera to ME (d). A co-existence of SP and CGRP is

seen in nerve fibers localised in the paratenon (a),
suggesting possible pro-inflammatory actions. Moreover,

SP is also co-localised with GAL (b), reflecting

anti-inflammatory actions. The immunoreactivity

displaying co-existence of LE and DOR is seen as free

nerve endings in the paratenon (c), indicating a potential

peripheral anti-nociceptive system. ME immunoreaction

is localised in a vessel wall (d). t tendon tissue, Pt
paratenon; Bar ¼ 50 μm (Reproduced with permission

from Ackermann et al. [66, 67])
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been verified by identification of several gluta-

mate receptors, eg. NMDAR1. The localization

of glutamate receptors suggest that glutamate

signaling may also be involved in regulating

tendon homeostasis [14].

Nerve Ingrowth After Tendon Injury

After tendon injury and during healing the

peripheral nervous system responds by nerve

ingrowth into the tendon proper, which during

healthy conditions is more or less aneuronal and

hypovascular (Figs. 4.5–4.6) [32, 33]. Nerve

sprouting and growth within the tendon proper

is followed by a time dependent expression of

neuropeptides during the tendon healing process.

After the healing process is finished sprouting

nerve fibers within the tendon proper retract to

the surrounding structures, ie. the paratenon and

loose connective tissue. These observations of

early nerve regeneration are in line with

observations on bone, ligament and skin healing

indicating that nerve ingrowth and subsequent

retraction are fundamental aspects of tissue

repair [34–38].

Inflammatory Healing Phase

At 1 week after tendon injury increased occur-

rence of SP- and CGRP-positive nerve fibers has

been demonstrated to be predominantly located

in blood vessel walls surrounded by inflamma-

tory cells in the loose connective tissue [33]

(Fig. 4.7a). The findings comply with the noci-

ceptive role of sensory neuropeptides, but also

with a pro-inflammatory role [39].

During the first week post tendon injury,

increased levels of glutamatergic signaling

molecules have been found both experimentally

[40] and in vivo on patients with Achilles tendon

ruptures [41]. Increased glutamate levels during

healing [41] seem to persist until at least week

Fig. 4.3 (a–c) Immunofluorescence micrographs of

longitudinal sections through the Achilles tendon after

incubation with antisera to Noradrenaline (NA) (a),
NPY (b) and VIP (c). NA-positive fibers are mainly

found as nerve terminals in outer layers of the blood

vessel walls. The NPY-positive fibers are arranged as

nerve terminals in the vessel walls. VIP-positive nerves

are arranged as a “fence”, surrounding the proper tendon,

of small varicosities in the paratenon. t tendon tissue, Pt
paratenon; Bar ¼ 50 μm (Reproduced with permission

from Ackermann et al. [22])
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6 [unpublished data], suggesting essential actions

in tendon healing as has also been shown in

maintenance of bone tissue [40].

Proliferative Healing Phase

From 1 to 6 weeks post rupture, a striking shift in

neuronal occurrence has been demonstrated to

occur from the surrounding loose connective tis-

sue into the proper tendinous tissue [33]. This

suggests the transition of a predominantly

inflammatory into a proliferative repair

phase [42].

During weeks 2 to 6 post injury, the expres-

sion of SP and CGRP peaked at the rupture site of

the proper tendon (Fig. 4.6). SP and CGRP was

observed in sprouting free nerve endings among

fibroblasts in the healing tendinous tissue,

suggesting a stimulatory role of sensory

neuropeptides on cell proliferation and stem cell

recruitment (Fig. 4.7b) (see Chap. 5) [43, 44]. SP

and CGRP are also known to stimulate prolifera-

tion of endothelial cells [45, 46], indicating that

SP- and CGRP fibers around newly formed blood

vessels in the rupture site would comply with a

role in angiogenesis (Fig. 4.7).

Additionally the expression of sensory neuro-

peptide receptors, SP (NK1) and CGRP (CRLR

and RAMP-1), in the healing tendon is signifi-

cantly up-regulated at 2 weeks, but not at 1 week,

post tendon rupture [21].

Remodeling Healing Phase

During weeks 6 to 16 post tendon rupture it has

been demonstrated that the nerve fibers retract

from the proper tendon tissue to their normal

location in the paratenon and surrounding loose

Fig. 4.4 (a–d) Immunofluorescence double-staining

micrographs of longitudinal sections through

tendinopathic patellar tendons focusing on the tendon

proper, after incubation with antisera for PGP9.5 (a, c,
thin arrows), N-methyl-D-aspartate receptor type

1 (NMDAR1) (b) and glutamate (d). Thick arrows denote
neuronal NMDAR1 and within the tendon proper

arrowheads denote neuronal glutamate, which is totally

absent in the controls (Scale bar ¼ 25 um) (Reproduced

with permission from Schizas et al. [31])
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connective tissue [33] (Fig. 4.6). This process

appears to end simultaneously with the comple-

tion of paratenon repair.

Interestingly, between weeks 4 and

6, corresponding to the transition of the

proliferative into the remodeling phase, a dra-

matic increase in the expression of the autonomic

neuropeptides VIP and NPY has been

demonstrated [33]. Subsequent to the elevated

expression of autonomic neuropeptides, a

Fig. 4.5 (a–b) Overview micrographs of longitudinal

sections through the Achilles tendon at 2 weeks post

rupture. Incubation with antisera to a nerve growth

marker, GAP-43. Micrographs depict the proximal half

of the Achilles tendon at increasing magnification in

figures (a–b). Arrows denote varicosities and nerve

terminals. The GAP-positive fibers, indicating new

nerve fiber ingrowth, are abundantly observed in the

healing proper tendon tissue( Reproduced with permis-

sion from Ackermann et al. [32])

Fig. 4.6 Area occupied

by nerve fibers (%)

immunoreactive to SP,

CGRP and GAL in relation

to total area, in the mid

third of the tendon, over

16 weeks post rupture

(mean � s.e.m.)

(Reproduced with

permission from

Ackermann et al. [33])
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significantly decreased expression of SP and

CGRP was observed in the healing tendon [33]

(Fig. 4.6). Hypothetically, an autonomic modu-

lation may be required to end the inflammatory

and reparative processes, thereby facilitating

entry to and maintenance of the remodelling

phase.

Protracted Nerve Ingrowth
in Tendinopathy

The underlying histology in tendinopathies with

chronic pain is often characterized as reflecting a

failed healing response. The innervation pattern

in tendinopathic tissue resembles that observed

during the proliferative phase of healing after

tendon injury (Table 4.2).

Sensory Neuromediators

Chronic painful tendons with tendinopathy

exhibit new ingrowth of sensory nerve fibers

(Fig. 4.8) [47–49] (49, 50, 98), correspondingly

to what is also observed during tissue prolifera-

tion in healing tendons [32]. The observation of

increased ingrowth of sensory nerves into the

painful tendon proper, seen as sprouting free

nerve endings, possibly represents nociceptors

responding to mechanical stimuli by initiating

pain signalling.

Fig. 4.7 (a–b) Immunofluorescence micrograph of lon-

gitudinal sections through healing Achilles tendon 1- (a)
and 2- (b) weeks post rupture after incubation with

antisera to CGRP. Nerve fibers immunoreactive to

CGRP at week 1 are seen as vascular and free nerve

endings in the loose connective tissue (a). At week

2, CGRP- immunoreactivity occurs mainly in the healing

tendinous tissue as sprouting free nerve fibers (b). v ¼
blood vessel; lct ¼ loose connective tissue; t ¼ proper

tendon tissue; Bar ¼ 50 μm (Reproduced with permission

from Ackermann et al. [33])

Table 4.2 Neuromediators in tendinopathy

Type Sub-type Mediator Receptor

Autonomic Sympathetic Noradrenaline # Α-adrenoceptors "
NPY Y1 "

Parasympathetic Acetylcholine " Nicotinic*

VIP* Muscarinic "
Sensory Sensory SP " NK1 "

Opioid and opioid like Cannabioids* CB1 "
Excitatory Glutamatergic amino acid Glutamate " NMDA1 "

Phosfo- NMDA1 "
mGluR1 "
mGluR5 "
mGluR6-7 !
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The neuronal dysregulation in tendinopathy,

characterized by aberrant increase of sprouting sen-

sory nerves and increased expression of SP, possi-

bly triggers pain signalling and also the

hyperproliferative/degenerative changes associated

with tendinopathy [47, 48, 50, 51] (Fig. 4.9).

Autonomic Neuromediators

Interestingly, tendinopathic patients exhibit a

decreased occurrence of sympathetic nerve

fibers, immunoreactive to noradrenaline

(Fig. 4.10) (see Chap. 7) [47]. The reduction in

vasoregulatory noradrenaline would seem to

comply with an altered blood flow and a

suppressed anti-nociceptive function [52, 53].

Excitatory Neuromediators

Elevated levels of glutamate have, similarly to

the findings of early healing, been detected in

patients with tendinopathy by microdialysis and

by immunohisthochemistry [31, 54]. The specific

localization for the increased glutamate levels in

tendinopathic patients is observed in morpholog-

ically altered tenocytes, in the endothelial and

adventitial layers of blood vessel walls and in

nerve fibers (Fig. 4.11) [29–31].

Fig. 4.8 (a–b) Immunofluorescence micrographs of

longitudinal sections from biopsies of healthy Achilles

tendon (a) and tendinosis tissue (b) after immunostaining

for SP. Arrows denote varicosities and nerve terminals.

The micrograph illustrates SP-positive nerve fibres in

close vicinity to a proliferated vessel (b). v ¼ blood ves-

sel. Bar ¼ 50 μm (Reproduced with permission from

Lian et al. [47])

Fig. 4.9 (a–b) Hematoxylin and eosin micrographs of

longitudinal sections from biopsies of healthy patellar

tendon (a) and painful tendinopathy (b). Arrows denote

tenocytes. The healthy tendon is homogeneous, with

organized parallel collagen structure and thin, elongated

tenocytes (a). The tendinopathy, on the other hand, is

marked by collagen disorganization, increased cell

count, activated tenocytes, and vascular ingrowth in the

tendon proper (b). V ¼ blood vessel. Bar ¼ 50 μm
(Reproduced with permission from Lian et al. [47])
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Fig. 4.10 (a–b) Immunofluorescence micrographs of

longitudinal sections through the patellar tendon of

healthy control (a) and painful tendinopathy (b) stained
for TH (a marker for noradrenaline). Arrows denotes

nerve fibres. In the healthy tendon, a strong relation is

seen between blood vessels and TH positive nerves (a). In
painful tendinopathy, a decreased number of TH positive

nerves, which are blood vessel related is seen. V ¼ blood

vessel. Bar ¼ 50 μm (Reproduced with permission from

Lian et al. [47])

Fig. 4.11 (a–d) Micrographs of longitudinal sections

through patellar tendon biopsies after incubation with

antisera to phospho-NMDAR1 (activated NMDA) in

patients with patellar tendinosis (a, b) and controls (d).
Micrographs of longitudinal sections through patellar ten-

don biopsies stained for PGP 9.5 (a general nerve marker)

in patients with patellar tendinosis are shown in (c).
Phospho-NMDAR1 immunoreactivity in the tendon

proper was exclusively observed in tendinosis as

immunoreactive cells (a, arrowheads) as well as

penetrating nerve fibres (b, arrows). The controls did

not exhibit phospho-NMDAR1 immunoreactivity within

the tendon proper (d). The occurrence of PGP 9.5 within

the tendon proper depicted extensive nerve ingrowth in

tendinopathy not seen in the controls (c, thin arrows;
bar ¼ 100 mm) (Reproduced with permission from

Aubdool and Brain [39])
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Several glutamate receptors have also

been identified in tendinopathy patients,

eg. ionotropic (NMDAR1 and activated

NMDAR (Phospho-NMDAR)), metabotropic

mGluR 5, which increases NMDA excitability

and mGluR 6,7 that decrease NMDA

excitability. Of the identified glutamate

receptors, a significant up-regulation has been

demonstrated of most receptors (Table 4.2).

Closer analysis has demonstrated the specific

localization of the different glutamate receptors.

NMDAR-1 and phospho-NMDAR1 were

detected on sprouting nerve fibers, newly formed

blood vessels and transformed tenocytes

[29]. These localizations suggest involvement

of glutamate receptors in tendinopathy regulating

excitability of tenocytes, endothelial cells and

nerves.

Recent reports on glutamatergic signaling in

tendinopathic patients demonstrated that ele-

vated glutamate co-existed with its up-regulated

receptor NMDA1 in nerve fibers, morphologi-

cally altered tenocytes and blood vessels,

which may reflect cell hyperexcitation involved

in cell proliferation/differentiation. None of the

controls, however, exhibited neuronal coexis-

tence of glutamate and NMDAR1 [29, 31].

One of the recent findings established a possi-

ble mechanism responsible for activating

NMDAR-1 in tendinopathy. It was demonstrated

that the elevated occurrence of NMDAR-1 was

correlated to that of SP (r2 ¼ 0.54, p ¼ 0.03) in

tendinopathic tendons, while their occurrence in

controls exhibited no correlation [29]. These data

suggest that SP may be involved in the

up-regulation of NMDAR1. In fact, SP is

known to activate NMDAR1 by removing the

magnesium block [55].

Effect of Hampered Neuronal Supply

Accumulating experimental evidence and clini-

cal observations suggest that reduced neuronal

supply leads to impairment of the mechanical

properties of connective tendon tissue

[14]. Thus, several studies have indicated that

denervation impairs the mechanical properties

of both normal and injured tendons.

Sensory Neuromediators

A selective denervation of sensory

neuromediators by the use of Spanish pepper

(capsaicin) has in experimental tendon healing

reduced the concentrations of SP by approxi-

mately 60 % [56] (Fig. 4.12). The study

demonstrated that higher residual SP levels

correlated with increased mechanical properties

Fig. 4.12 (a–b) Immunofluorescence micrographs of

sections of tissue from the right hind paw of denervated

(b) and controls (a) after incubation with antisera to

SP. Arrows denotes varicosities and nerve terminals.

A marked reduction of SP immunoreactivity is seen in

the denervated group (a–b) (Reproduced with permission

from Bring et al. [56])
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of the transverse area, ultimate tensile strength,

and stress at failure (r ¼ 0.39, p ¼ 0.036;

r ¼ 0.53, p ¼ 0.005; and r ¼ 0.43, p ¼ 0.023,

respectively).

Moreover, femoral nerve transection has been

demonstrated to impair healing of the medial

collateral ligament in rabbits [57]. In one study,

blood flow, angiogenesis and mechanical

strength of the ligament scar were all signifi-

cantly decreased in denervated limbs compared

to normally innervated limbs, 6 weeks after

injury [57].

Autonomic Neuromediators

Surgical sympathectomy reduced failure loads of

healing MCLs by 50 % compared to normally

innervated healing MCLs, at 2 weeks after

injury [58].

Chemical sympathectomy by systemic admin-

istration of guanethidine leads to degradation of

the mechanical properties of the intact medial

collateral ligament (MCL) of the knee joint

in rats after only 10 days of treatment

[59]. Ligaments from guanethidine treated

animals exhibited a larger cross-sectional area,

a higher wet weight, a decreased modulus of

elasticity and a decreased stress at failure.

These structural changes may to some extent be

explained by the significantly increased mRNA

levels for the matrix degrading enzymes

MMP-13 and cathepsin K, and increased liga-

ment blood flow induced by chemical

sympathectomy.

Observations in Diabetes Mellitus

It has recently been demonstrated that patients

with metabolic disorders such as diabetes

mellitus are at greater risk of developing various

musculoskeletal disorders [60]. Thus, diabetics

often exhibit neuropathy and also decreased

levels of sensory neuropeptides, which may be

associated with defective tissue healing [61]. -

Diabetes is associated with impaired connective

tissue healing and reduced biomechanical

properties, correlated to down-regulated extra-

cellular matrix proteins (see Chaps. 16, 17, 18,

and 19) [62].

In injured tendons of diabetic rats there are

lower mRNA and protein levels of nerve growth

factor (NGF) as well as of its receptor (TrkA) as

compared to injured healthy controls. Hence,

neuronal mediators as well as neurotrophic

factors such as NGF may be potential targets

for novel regenerative approaches in tendon

disorders, eg. tendinopathy.

Taken together these above mentioned studies

strongly support the idea that nerve derived

factors have a powerful metabolic control on

the structure, function and healing capacity of

tendon tissue.

Neuronal Effects of Tendon Loading

Physical activity has been demonstrated to accel-

erate the neuronal plasticity in tendon repair

[63]. It has moreover been demonstrated that

exercise leads to increased levels of various

neuromediators and their receptors, including

SP and CGRP, which may be involved in

regulating the healing response [21, 64, 65].

Maybe the most fascinating example of

mechano-neuro transduction is the upregulation

by exercise of neuromediator receptors

(Fig. 4.13). Thus, mRNA-levels of the SP- and

CGRP-receptors in mobilized tendons are sig-

nificantly increased compared to immobilized

controls at 17 days post tendon injury [21]. It

may prove that enhanced tendon repair after

early loading is related to an increased periph-

eral sensitivity to nerve factor stimulation, as a

result of a local up-regulation of neuronal

receptors.

Conclusion

Aggregated knowledge acquired during the last

decade demonstrates that neuronal regulation

plays an essential role in tendon metabolism,

repair, and also pathology. This conception

supports the idea that neuronal mediators
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effectuate crucial, but as yet incompletely

defined roles in mechanically active connective

tissues such as tendons.

Dysregulation of various neuromediators and

their receptors as has been observed experimen-

tally and clinically in eg. diabetes and

tendinopathy, leads to a loss of normal tendon

homeostasis resulting in chronic pain and gradual

degeneration.

These novel findings of neuronal plasticity

modulating tendon homeostasis and capable of

responding to dysregulation in pathology should

stimulate the development of targeted pharmaco-

logical and tissue engineering approaches to

improve healing and treat painful tendon

disorders.
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Abstract

Millions of people suffer from tendon injuries in both occupational and

athletic settings. However, the restoration of normal structure and function

to injured tendons still remains as one of the greatest challenges in

orthopaedics and sports medicine. In recent years, a remarkable advance-

ment in tendon research field has been the discovery of tendon stem/

progenitor cells (TSCs). Unlike tenocytes, the predominant resident cell

in tendons, TSCs have the ability to self-renew and multi-differentiate.

Because of these distinct properties, TSCs may play a critical role in

tendon physiology as well as pathology such as tendinopathy, which is a

prevalent chronic tendon injury. Additionally, because TSCs are tendon-

specific stem cells, they could potentially be used in tendon tissue engi-

neering in vitro, and serve as a promising cell source for cell-based therapy

to effectively repair or even regenerate injured tendons in clinical settings.
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Abbreviations

ATSC Achilles tendon stem cell

Col. I Collagen type I

Col. II Collagen type II

FEM Finite element method

ITR Intensive treadmill running

MSCs Mesenchymal stem cells

MTR Moderate treadmill running

NS Nucleostemin

Scx Scleraxis

Tenom Tenomodulin

TSCs Tendon stem/progenitor cells

Introduction

Tendons are bands of connective tissues that are

particularly rich in collagens. The most abundant

tendon component is type I collagen, which
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constitutes about 70–80 % of the dry tendon mass

and about 95 % of the total collagen in tendons [1–

3]. The remaining 5 % consists of type III and V

collagens. Within the tendon matrix, collagens are

cross-linked [4, 5], which increases the tendon’s

mechanical strength [6]. Besides collagens,

tendons also contain proteoglycans in small

quantities, but their amounts vary in tendons in

different anatomical locations and also depend on

the mechanical loading conditions (e.g., tension

vs. compression) on a tendon [7, 8].

Mechanically, tendons are responsible for trans-

mitting muscular forces to bone, and because they

are live tissues, tendons also respond tomechanical

loads by changing their metabolism as well as their

structural and mechanical properties. While appro-

priatemechanical loading benefits tendons, chronic

mechanical loading placed on tendons plays a

major role in the development of tendinopathy

[9, 10]. This major tendon disorder is often

manifested by degenerative changes in the tendon,

including lipid deposition, proteoglycan accumula-

tion, and calcification either alone or in combina-

tion [11]. Despite years of extensive research,

restoration of tendon structure and function after

injury still remains as one of the greatest challenges

in orthopaedic surgery and sports medicine.

In pursuit of new strategies to promote healing

of tendon injuries, significant progress has been

made in tendon research in recent years. We and

others have identified a new population of tendon

cells termed tendon stem/progenitor cells (TSCs)

in humans, mice and rabbits [12–15]. Much like

other tendon cells, TSCs also respond to the vari-

ous mechanical loads placed on tendons. This

chapter will provide an overview of the recent

advancements in TSCmechanobiology. In partic-

ular, the role of TSCs in the mechanical loading-

induced development of tendinopathy is

highlighted. Future research developments in

the field are also suggested and discussed.

Discovery of TSCs

Until recently, tenocytes were considered to be

the only cell type in tendons. However, about 5 %

of tendon cells were recently discovered to be

TSCs in the tendons of humans, mice, rats and

rabbits [12–15]. TSCs can self-renew and differ-

entiate into tenocytes to maintain tendon homeo-

stasis. Like other adult stem cells, TSCs also have

multi-differentiation potential, which allows

them to differentiate not only into tenocytes, but

also into non-tenocytes including chondrocytes,

osteocytes and adipocytes, but only under certain

pathophysiological conditions [12, 13].

Unlike TSCs, tenocytes are specialized ten-

don cells that lack the capacity to differentiate

into other cell types. In culture, TSCs proliferate

more quickly than their counterparts (tenocytes)

and appear as small, cobblestone-shaped cells

with large nuclei, while tenocytes grow as highly

Fig. 5.1 Tendon stem/progenitor cells (TSCs) and

tenocytes in culture exhibit a striking difference in mor-

phology. (A) TSCs. The cells are cobblestone-like in

culture when grown to confluence. They also have large

nuclei (inset). (B) Tenocytes in culture. These cells are

fibroblast-like and assume a highly elongated shape in

confluent conditions
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elongated, fibroblast-like cells with smaller

nuclei [13] (Fig. 5.1). Tenocytes also lack a char-

acteristic feature of TSCs, which is the expres-

sion of stem cell markers such as Oct-4, SSEA-1/

4 and nucleostemin (NS).

The typical features of TSCs in tendons, how-

ever, change during aging. In a recent study, we

determined the effects of aging on TSCs

in vitro. TSCs derived from aging mice (9 and

24 months) proliferated significantly slower than

TSCs obtained from young mice (2.5 and

5 months) (Fig. 5.2). A likely reason for this

was revealed during the analysis of cellular pro-

tein expression pattern, i.e., expression of the

stem cell markers Oct-4, NS, Sca-1 and SSEA-1

in TSCs decreased in an age-dependent manner,

which in part, may contribute to the lowered

proliferation rate of TSCs in aging mice. These

findings indicate that aging impairs the

proliferative ability of TSCs and reduces their

stemness [16] (Fig. 5.3).

A Mechanical Loading System
to Study TSC Mechanobiology In Vitro

To study the mechanobiology of TSCs under

well controlled conditions, we developed a

novel in vitro model system (Fig. 5.4). This

in vitro system enabled us to examine

mechanobiological responses (e.g. proliferation,

self-renewal, and differentiation) of TSCs under

well controlled, in vivo-like multiple mechanical

loading conditions [17], which are not possible in

an animal model. Therefore, such a system is

essential to define the loading-induced,

TSC-based mechanisms of degenerative

tendinopathy.

Use of Mouse Treadmill Running
to Study of Mechanobiology
of Tendon In Vivo

To study the mechanobiology of tendons in vivo,
we developed a mouse treadmill running model

(Fig. 5.5) and optimized two different running

regimens: (1) moderate treadmill running

(MTR); and (2) intensive treadmill running

(ITR). In the MTR regimen, mice were trained

to run at the speed of 13 m/min, 15 min/day and

5 days/week. Then, they ran at the same speed for

50 min/day, 5 days/week for 3 weeks. In the ITR

regimen, mice were trained as in MTR in the first

week. They then ran at the same speed for 3 h/

day, 4 h/day, and 5 h/day for 5 days in the second,

third, and fourth weeks, respectively. The mice

in the control group did not run on treadmills, but

freely moved in cages during treadmill running

experiments.

Fig. 5.2 Age affects TSC morphology and growth in

culture. (A) Shown is a colony of young TSCs derived

from 2-months old mouse. The cells are large in numbers

and cobble-stone shaped in culture. (B) Aging TSCs

from 9-months old mouse are lower in numbers, and are

flat and spread-out in culture. Their growth is also slower

in culture
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Fig. 5.3 Age reduces TSC stemness. Expression of the

stem cell markers, Oct-4, NS, Sca-1, and SSEA-1 in TSCs

from 2.5 months (2.5 m), 5 months (5 m), 9 months (9

m) and 24 months (24 m) old mice are shown. Increase in

the mouse age decreased the number of TSCs expressing

the stem cell markers, which are abundant in TSCs from

2.5 months old mice but scant in TSCs from 24 months

old mice. Bar �100 μm

Fig. 5.4 A novel in vitro model system to study

mechanobiology of TSCs. (A) The stretching apparatus.

Silicone dishes (red arrows) are used to grow and stretch

tendon cells. (B) Strain distribution in the silicone dish by
FEM (finite element method). The surface strains are

uniform in the central region of the culture surface

(black arrow), where cells are plated and stretched.

(C) Tendon cells (TSCs, tenocytes, or both) on

microgrooved culture surfaces (arrows point to two ten-

don cells residing on microgrooves with a width of

10 μm). (D) Tendon cells in the tendon section (arrows

point to tendon cells). As seen in C and D, tendon cell

density, cell shape and organization can be controlled in

this model system to mimic in vivo conditions in the

tendon
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The Role of TSCs in the Development
of Tendinopathy

Tendinopathy is a serious healthcare problem for

people in both occupational and athletic settings

[18–20]. Many occupational activities result in

tendinopathy and present with clinical symptoms

including pain and signs of inflammation such as

redness and swelling; all of these may impair

one’s ability to work [19]. When tendoninopathy

further progresses, one or more of the following

degenerative changes are often noticed: lipid

deposition, proteoglycan accumulation and

calcification [11] (Fig. 5.6). Often times, the eti-

ology for this tendon disorder is recognized as

the chronic mechanical loading on tendons

[18, 21–28]. However, the precise cellular

mechanisms leading to the pathology of

tendinopathy remain unclear. As a result,

tendinopathy continues to be a nemesis for both

physicians and patients alike [10]. Currently,

there is no protocol in place that can effectively

prevent tendinopathy or restore tendon structure

and function after injury [22, 29].

In our quest to address this lacuna, we focused

our research on TSCs that play a major role in the

maintenance of tendon homeostasis [12, 13,

15]. To explore the possibility that TSCs may

also play a critical role in the development of

degenerative tendinopathy, we used both in vitro

and in vivo model systems described above to

examine the mechanobiological responses of

TSCs to various mechanical loading conditions.

Mechanobiological Response of TSCs
In Vitro

Applying small mechanical loading on TSCs

using our in vitro model system induces tenocyte

differentiation, while large mechanical loading

induces both tenocyte and non-tenocyte differen-

tiation [30] (Fig. 5.7). Specifically, small

mechanical stretching (4 %) significantly

increased only the expression of the tenocyte

related gene, collagen type I (Col. I), but not

the expression of non-tenocyte related genes,

PPARγ, collagen type II (Col. II), Sox-9 and

Runx-2, which are markers of adipocytes,

chondrocytes and osteocytes, respectively. How-

ever, large mechanical stretching of 8 %

Fig. 5.5 Mouse treadmill running is used to study TSC

mechanobiology. Mice run on the treadmill with 6 running

lanes, according to a specified running regimen; moderate

treadmill running (MTR) or intensive treadmill running

(ITR)

Fig. 5.6 Degenerative tendinopathy in human tendons.

Three forms of degenerative changes were observed

either alone or in combination in affected tendons:

Lipid formation (A, L and star), accumulation of

proteoglycans (B, arrow and star) and calcified tissue

(C, arrows) [11]
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significantly increased the expression of both

tenocyte and non-tenocyte related genes.

Moreover, by performing in vitro stretching

experiments on isolated tenocytes [30], we fur-

ther showed that tenocytes do not express

non-tenocyte related genes, even under over-

loading (8 % stretching) conditions

[31]. Thus, these findings indicate that TSCs are

likely the primary cells responsible for degener-

ative tendinopathy by undergoing aberrant

non-tenocyte differentiation into fatty-, carti-

lage-like and bone-like tissues in tendons that

compromise tendon structure.

In addition to studying the effects of various

mechanical loading conditions on TSCs, several

studies have investigated the molecular signaling

pathways involved in the mechanobiological

responses of TSCs. It was reported that

Wnt5a/Wnt5b/JNK signaling pathway is

involved in the osteogenic differentiation of rat

TSCs in response to mechanical loads [32–

34]. Particularly, JNK activity was decreased

and osteogenic differentiation was inhibited in

Wnt5a/Wnt5b/JNK knockdown TSCs after uni-

axial mechanical loading. This inhibition was

rescued by the JNK activator, anisomycin, or

JNK1-cDNA, suggesting that Wnt5a/Wnt5b is

located upstream of JNK and regulates the func-

tion of JNK in the Wnt5a/Wnt5b/JNK signaling

pathway [32]. Wnt3 also promoted osteogenic

differentiation of TSCs in vitro [35]. Moreover,

increased amounts of Wnt3a were observed in

human patellar tendons with tendinopathy and

animal models of tendinopathy [36]. In another

study, mechanical loading of TSCs increased

Wnt5a protein levels, but not other Wnt proteins

[37]. The discrepancy between these two studies

may be due to differences in the mechanical

loading variables for TSCs including different

amounts of mechanical loads, frequency and

duration (see Chap. 7).

To date, only a few studies have investigated

the mechanotransduction mechanisms of TSCs.

Since TSCs are adult stem/progenitor cells, it

is conceivable that the mechano-signaling

pathways that have been established in mesen-

chymal stem cells (MSCs) and tenocytes may

also be applied to TSCs. It has been

demonstrated that focal adhesion kinase, cyto-

skeleton and RhoA/ROCK play important roles

in mechanical loading-induced tenogenic differ-

entiation of MSCs [38, 39]. Mechanical forces

are also known to regulate Scleraxis (Scx)

expression through the activation of SMAD2/3-

mediated TGF-β signaling in adult mouse

tendons [40]. Stretching of tendon constructs

in vitro also increased ERK/MAPK phosphory-

lation [41]. Moreover, EGR1 is a known

Fig. 5.7 Gene expression profile in TSCs derived from

mouse Achilles tendons depends on mechanical loading

conditions in vitro. TSCs stretched to 4 % (a) showed
specific up-regulation of collagen type I (Coll. I), which is

a tenocyte related gene, but not the non-tenocyte related

genes, collagen type II (Coll. II), Sox-9, PPARγ or Runx-
2. However, 8 % stretching up-regulated both tenocyte

and non-tenocyte genes to varying degrees. Gray bars are
controls without loading
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mechanosensitive transcription factor involved

in the tendon cell response [42]. EGR1 is

expressed in response to mechanical stimuli,

mainly via the MAPK pathways. However, fur-

ther investigations regarding its role in

the mechanotransduction of TSCs are needed.

The Mechanobioological Responses
of TSCs In Vivo

The effects of mechanical loading on TSCs in
vivo were also determined. Our results revealed

that a moderate treadmill running regimen

(MTR, see above for definition) nearly doubled

the proliferation rate of TSCs when compared to

control mice in cages. Moreover, cellular produc-

tion of total collagen in the treadmill running

group increased by 70 and 200 % in patellar

and Achilles tendon cells, respectively, com-

pared to cells from the control group [17].

A continuation of our study to determine the

effects of intensive treadmill running (ITR, see

above) on mouse tendons [31] revealed that

after ITR, all genes related to fatty, cartilage

and bony tissues (LPL, Sox-9, Runx-2 and

Osterix), and tendon-related genes (Coll. I, and

tenomodulin or Tenom) were highly expressed

in the mouse patellar tendons (Fig. 5.8). This is

consistent with the findings that excessive

mechanical loading via treadmill running

results in elevated expression of cartilage-

related genes (Col. II, aggrecan and Sox-9) in

the rat supraspinatus tendon [43] and that long-

term treadmill running (up to 16 weeks) leads to

degenerative tendinopathy as evidenced by

accumulated proteoglycan and chondrocytes

present in the rat tendon [26].

Concluding Remarks

Tendon injuries frequently occur among people

in all walks of life. Current treatments are largely

ineffective and, as a result, the restoration of

normal tendon structure and function continues

to be a challenge in the clinical treatment of

tendons. Therefore, basic scientific studies on

tendons are needed so that new treatment

strategies can be devised. The recent discovery

of TSCs has offered an opportunity for tendon

researchers to look into the stem cell mechanisms

responsible for chronic tendon injury or

tendinopathy. Studies have, indeed, suggested

that TSCs may be responsible for the develop-

ment of degenerative tendinopathy due to exces-

sive mechanical loading constantly placed on

tendons. Therefore, effective treatment options

for such conditions should not only be anti-

inflammatory, but should also include methods

to deter degeneration of tendons. This could

likely be achieved by blocking the aberrant dif-

ferentiation of TSCs, even under excessive

mechanical loading conditions.

There are several research directions to

explore in TSC mechanobiology. First, the

in vivo characterization of TSCs should be pur-

sued. Currently, TSCs are characterized in vitro.

The in vivo identities and niche of TSCs with

respect to anatomical locations and regulatory

factors in tendons remain to be investigated

[35, 44]. Second, the exact origins and identities

Fig. 5.8 Intensive

treadmill running (ITR)

up-regulates both tenocyte-

related genes, collagen type

I (Coll. I) and tenomodulin

(Tenom) and non-tenocyte

related genes, LPL, Sox-9,

Runx-2 and Osterix in

mouse Achilles tendons
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of “TSCs” in vivo after a tendon injury are

unknown. This requires lineage specific mark-

ing/tracing of TSCs. A recent study showed that

α-SMA positive progenitor cells in the paratenon

migrate into the tendon wound to participate in its

healing [45]. Other potential sources of “TSCs” in

the healing of tendon injury may include: stem

cells in the circulatory system, adipose tissue near

tendons, and the bursa, a fluid-filled sac that acts

as a cushion between a bone and other moving

parts such as muscles, tendons or skin [46, 47].

Third, the effects of aging on TSC mechano-

biology should be thoroughly investigated.

Although it remains to be demonstrated defini-

tively, aging is presumed to cause tendon cell senes-

cence, which refers to the cell status in which

permanent cell cycle arrest cannot be reactivated

[48]. Tendon cell senescence may lead to tendon

degeneration and impair tendon healing, which are

often seen in aging patients. But the relationship

between aging and reduced tendon potential to heal

needs to be demonstrated. These detrimental effects

caused by aging can be reversed by applying mod-

erate physiological loads on tendons that induces

anabolic changes by regulating TSCs [49]. Thus,

exercise in the form of mechanical loading can

improve aging-associated impairment in healing

tendons by reactivating senescent tendon cells,

especially TSCs. Therefore, this line of research

warrants future study.

Finally, it has been well established that stem

cells are excellent sources for the engineering of

injured tissues. Indeed, implantation of

engineered tendon tissue containing TSCs in

de-cellularized fibroblast matrix effectively

improved the mechanical properties in a patellar

tendon injury model [50] and promoted tendon-

like tissue formation in rat patellar tendons

[51]. However, the role played by moderate

mechanical loading in the healing of

TSC-treated injured tendons remains to be

investigated; devising optimal exercise regimens

for tendon injury patients is of great clinical

importance.
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Informing Stem Cell-Based Tendon Tissue
Engineering Approaches with Embryonic
Tendon Development

6

William Okech and Catherine K. Kuo

Abstract

Adult tendons fail to regenerate normal tissue after injury, and instead form

dysfunctional scar tissue with abnormal mechanical properties. Surgical

repair with grafts is the current standard to treat injuries, but faces signifi-

cant limitations including pain and high rates of re-injury. To address this,

we aim to regenerate new, normal tendons to replace dysfunctional tendons.

A common approach to tendon tissue engineering is to design scaffolds and

bioreactors based on adult tendon properties that can direct adult stem cell

tenogenesis. Despite significant progress, advances have been limited due,

in part, to a need for markers and potent induction cues. Our goal is to

develop novel tendon tissue engineering approaches informed by embry-

onic tendon development. We are characterizing structure–property

relationships of embryonic tendon to identify design parameters for three-

dimensional scaffolds and bioreactor mechanical loading systems to direct

adult stem cell tenogenesis. We will review studies in which we quantified

changes in the mechanical and biochemical properties of tendon during

embryonic development and elucidated specific mechanisms of functional

property elaboration. We then examined the effects of these mechanical and

biochemical factors on embryonic tendon cell behavior. Using custom-

designed bioreactors, we also examined the effects of dynamic mechanical

loading and growth factor treatment on embryonic tendon cells. Our

findings have established cues to induce tenogenesis as well as metrics to

evaluate differentiation.We finish by discussing howwe have evaluated the
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tenogenic differentiation potential of adult stem cells by comparing their

responses to that of embryonic tendon cells in these culture systems.

Keywords

Embryonic tendon development • Tenogenesis • Tissue engineering •

Stem cell • Mechanoregulation • Crosslinking

List of Acronyms and Abbreviations

3D Three-dimensional

BAPN Beta-aminopropionitrile

Col I Collagen I

Col III Collagen III

Col XII Collagen XII

DAPI 40,6-Diamidino-2-Phenylindole,

Dihydrochloride

DMAB p-Dimethylaminobenzaldehyde

DNA Deoxyribonucleic acid

E Embryonic day

ECM Extracellular matrix

Egr-1 Early growth response-1

FGF4 Fibroblast growth factor 4

FGF8 Fibroblast growth factor 8

FV-AFM Force volume-atomic force

microscopy

GFP Green fluorescent protein

HH Hamilton and Hamburger

HP Hydroxylysyl pyridinoline

LP Lysyl pyridinoline

LC-MS/

MS

Liquid chromatography

tandem-mass spectrometry

LOX Lysyl oxidase

Mkx Mohawk

MSC Mesenchymal stem cell

P Postnatal day

PDGF Platelet-derived growth factor

Scx Scleraxis

SHG Second Harmonic Generation

TGFβ1 Transforming growth factor beta 1

TGFβ2 Transforming growth factor beta 2

Tnmd Tenomodulin

TPC Tendon progenitor cell

Introduction

Tendons are dense, fibrous connective tissues

that possess a well organized and hierarchical

structure of collagen type I fibrils that are aligned

parallel to the axis of mechanical tension. Their

main function is to connect muscle to bone,

which allows for the transmission of muscle-

derived forces to the skeleton and regulates mus-

culoskeletal function by guiding movement and

stabilizing the skeletal system. When adult ten-

don tissue is injured, the native wound healing

process promotes the formation of scar tissue

associated with abnormal mechanical properties,

matrix content, and organization. Surgical repair

with grafts is the current standard for treating

both acute injuries (e.g., ruptures) and chronic

pathological conditions (e.g., tendinopathies).

Unfortunately, this approach faces significant

limitations, including autologous donor site mor-

bidity, allogeneic tissue disease transmission,

and high failure rates. To overcome this, we are

interested in regenerating new tendon during

healing or fully replacing dysfunctional tendon

with new, normal tissue.

To do so, there is a need to identify exogenous

cues (both mechanical and chemical) that can

direct cell function in this process. Growth

factors are potent cues that influence cell func-

tion. Considering adult tissues are unable to reca-

pitulate normal tendon composition and

functional properties, it is not surprising that the

growth factor profiles identified in embryonic

tendon development are distinct from that of

adult tendon in homeostasis and during healing
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[17, 36]. For example, transforming growth fac-

tor beta 2 (TGFβ2) and members of the fibroblast

growth factor (FGF4 and FGF8) family are

implicated in embryonic tendon development,

whereas TGFβ1 and platelet-derived growth fac-

tor (PDGF) have been reported in healthy and

healing adult tendons [6, 7, 12, 14, 25, 44]. Less

well understood are the differences in the

mechanical environment between embryonic

and adult tendons [17, 36]. In this chapter we

discuss a series of studies in which we have

demonstrated that the embryonic and adult ten-

don mechanical microenvironments are signifi-

cantly different. By quantitatively characterizing

the embryonic mechanical microenvironment,

we have identified physical signals that may

guide tenogenic cell function, and also new

markers to evaluate functional tendon formation.

Our goal is to develop novel tendon tissue

engineering approaches informed by embryonic

tendon development. To do so, we are

characterizing structure–property relationships

of embryonic tendon to identify design

parameters for three-dimensional scaffolds and

bioreactor mechanical loading systems that can

direct adult stem cells toward a tendon cell fate

(Fig. 6.1). We will review studies in which we

quantified changes in the mechanical and bio-

chemical properties of tendon during embryonic

development and elucidated specific mechanisms

of functional property elaboration. We then dis-

cuss our work examining the effects of these

mechanical and biochemical factors on

embryonic tendon cell behavior. Using custom-

designed bioreactors, we also examined the

effects of dynamic mechanical loading and

growth factor treatment on embryonic tendon

cells. Our findings have established cues to

induce tenogenesis as well as metrics to evaluate

differentiation. We finish by discussing how we

have evaluated the tenogenic differentiation

potential of adult stem cells by comparing their

responses to that of embryonic tendon cells in

these culture systems.

Embryonic Tendon Mechanical
Properties Elaborate During
Development

Multiple cell types of various tissue systems have

been shown to interact with and respond to the

elastic modulus and ECM composition of the

tissue. In particular, stem cell differentiation

can be influenced by the tissue microenviron-

ment, including its chemical composition and

mechanical properties, as well as dynamic physi-

cal forces that are imposed on the tissue and cells

(see Chap. 5). An important question in design-

ing a strategy to direct cell behavior in the for-

mation of new tendon tissue is the selection of

cues that should be presented to the cells in a 3D

scaffold (e.g., synthetic matrix) and during cul-

ture (e.g., in a bioreactor). Our approach is driven

by the hypothesis that stem cells will generate

normal tendon in response to embryonic tendon

Fig. 6.1 (a) Tendons (green) in the forelimb of a mouse

embryo during development. (b) Overview of our strategy

to inform tissue engineering with embryonic develop-

ment: Characterize the mechanical (elastic modulus,

dynamic loading) and chemical (growth factors, extracel-

lular matrix components) properties of the embryonic

tendon microenvironment and their effects on embryonic

tendon progenitor cells (TPCs). These mechanical and

chemical factors are then engineered into scaffold and

bioreactor culture systems to present stem cells with

select embryonic cues and test the hypothesis that embry-

onic factors will guide adult stem cell tenogenesis in the

formation of new tendon tissue
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microenvironmental cues that are associated with

normal tendon development, rather than when

subjected to adult tendon microenvironmental

cues that are associated with scarred healing

(abnormal tendon formation). In quantitatively

characterizing the mechanical and biochemical

properties of the embryonic tendon, we identified

potentially tenogenic cues. Additionally, we

examined and identified mechanisms in the elab-

oration of tendon mechanical properties to pro-

vide functional markers for the evaluation of the

progression and quality of newly forming tendon

(either native or engineered). In this section, we

will describe the novel application of materials

science tools and approaches to characterizing

these embryonic tendon mechanical properties

and the contributors to these properties during

tissue formation.

Embryonic Tendon Elastic Modulus Is
Dependent on the Developmental
Stage

Tensile Testing Measures the Bulk
Mechanical Properties of Embryonic
Tendon
Traditional testing methods, such as tensile test-

ing, focus on bulk mechanical properties in

which a tissue is characterized as a composite

material. Few studies have characterized embry-

onic tendon mechanical properties. McBride

et al. (1988) used tensile testing to characterize

the elastic modulus of chick embryonic tendon at

the latest stages of development from Hamilton

Hamburger (HH) 40–43 (approximately days

14–17; the chick embryo hatches between days

19 and 21) [32]. They demonstrated significant

linear increases from 0.216 � 0.06 to

1.02 � 0.27 MPa during these stages [32],

which is substantially lower than that of the

adult chicken calcaneal tendon (210 MPa) as

measured using tensile testing [34]. These stud-

ies highlight the significant differences in embry-

onic and adult tendon mechanical properties and

the rapid pace of functional tendon formation

during embryonic development.

Atomic Force Microscopy (AFM) Measures
Cell Length-Scale Embryonic Tendon
Mechanical Properties
While tensile testing is useful for measuring the

functional properties of the tendon, AFM is a

powerful tool for quantifying the cell length-

scale mechanical properties of the embryonic

tendon that the cells experience locally. Cells

sense the elastic modulus of their local environ-

ment via force-sensitive membrane-bound

structures such as integrins and cadherins that

are approximately 35–40 nm [21] and 25–28 nm

in length [2], respectively. Integrins bind the

extracellular matrix (ECM) at focal adhesions

while cadherins interact with other cadherins in

neighboring cells at adherens junctions. Both

structures perform the complex task of sensing

and converting both mechanical and chemical

stimuli from the extracellular matrix and

surrounding cells, respectively, into intracellu-

lar biological signals that result in cellular

responses. Thus, characterization of the local

(i.e., cell length-scale) mechanical properties

of the tissue would be useful information in

studying tissue-mediated cell behavior.

In Marturano et al. [30], we utilized force

volume (FV)-AFM to characterize the nanoscale

and microscale elastic moduli of embryonic

chick calcaneous tendons during development

from stages HH 28 to HH 43. Nanoscale

(20-nm tip radius) and microscale (5-μm sphere

radius) tips were used to perform indentation

testing, and the elastic modulus was calculated

from the indentation measurements using either

standard curves based on agarose gel

measurements or Hertzian theory equations.

Results showed that average nanoscale and

microscale elastic moduli both increased

non-linearly with developmental stage, from

HH 28 to HH 43 (Fig. 6.2a). We also examined

the topography and regional elastic modulus

values obtained with FV-AFM for embryonic

tendons between HH 28 and HH 43. Both topog-

raphy and elastic moduli increased in spatial

heterogeneity across the tissue with developmen-

tal stage (Fig. 6.2b), which explained the

increase in standard deviations in elastic moduli
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during development (Fig. 6.2a). These data dem-

onstrate that cell length-scale mechanical

properties elaborate throughout development as

a function of embryonic stage, and that they vary

regionally within the tissue.

Notably, the microscale elastic modulus was

nearly three times greater than the nanoscale

when calculated based on agarose gel standards

(5 to 108 kPa vs. 7 to 21 kPa, respectively,

p < 0.05; Fig. 6.2a), and two times larger than

the nanoscale modulus (9 to 31 kPa vs. 5 to

17 kPa, p < 0.05) when calculated based on the

Hertzian model. Similar differences between

microscale and nanoscale elastic moduli have

also been observed in mechanical property char-

acterization of articular cartilage [42]. A separate

study using gel-fiber composite materials pro-

posed that nanoscale tips provided information

about the mechanical properties of individual

collagen fibrils and proteoglycans within carti-

lage, and that microscale tips measured the cross-

linked network of collagen fibrils [29]. Similarly,

in Marturano et al. [30] the nanoscale tip may

have been measuring individual ECM molecules

and cell contributions, whereas the microscale tip

measured a network of ECMmolecules and cells.

These findings provided new insights into the

dynamic elaboration of mechanical properties

and tissue structure at the cell length-scales dur-

ing embryonic tendon development.

ECM Content Changes During
Embryonic Development But Does Not
Correlate Directly with Mechanical
Properties

In Marturano et al. (2013), we also characterized

the cell and ECM content of embryonic tendons

in relation to elastic modulus. Between HH

28 and HH 43 there was a qualitative increase

in collagen type I deposition (Fig. 6.3a) and a

simultaneous decrease in cell density (Fig. 6.3b).

Biochemical assays to quantify hydroxyproline

(representative of collagen) content and DNA

content (not shown) corroborated the qualitative

observations (Fig. 6.3) [30]. We then analyzed

spatial and quantitative correlations between

Fig. 6.2 (a) Nano- and microscale tendon elastic moduli

measured by FV-AFM as a function of the developmental

stage (HH 28 to HH 43) and calculated using both agarose

gel standards and the Hertzian theory. (b) FV-AFM

maps of topography and nanoscale elastic modulus of

embryonic tendon from HH 28 to HH 43. Scale bar,

2 μm. Figure reproduced and adapted from Marturano
et al. [30]
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nanoscale elastic modulus and collagen fibers

(second harmonic generation, SHG), nuclei

(DAPI staining), and glycosaminoglycans

(GAGs; Alcian blue staining). Statistically,

there was a weak, positive relationship between

the elastic modulus and collagen fibers

(r ¼ 0.13, p < 0.05), and a negative relationship

between the elastic modulus and cell nuclei

(r ¼ �0.07, p ¼ 0.23) and with total GAGs

(r ¼ �0.04, p ¼ 0.50). These data indicate that

there is no meaningful correlation between elas-

tic modulus and the cell and ECM components of

interest. Importantly, this significant finding

reveals that tendon mechanical properties should

not be evaluated only on the basis of ECM pro-

tein content and/or organization.

Lysyl Oxidase (LOX)-Mediated Collagen
Crosslink Density Contributes
to the Mechanical Properties
of Embryonic Tendon

To investigate collagen crosslinks as contributors

to the elastic modulus of the embryonic tendon

tissue, β-aminopropionitrile (BAPN), or vehicle

control, was injected into the eggs of developing

chick embryos of various stages between HH

28 and HH 43 and allowed to continue develop-

ing for 24 h. BAPN binds the active site of lysyl

oxidase (LOX) to inhibit its activity, thereby

halting its ability to activate crosslinking of

collagens and elastin [43]. After 24 h, chick

embryos were sacrificed and tendons were

harvested for SHG imaging, hydroxyproline

Fig. 6.3 (a) Collagen distribution (scale bar, 2 μm) and (b) cellularity (scale bar, 20 μm) during the development of

embryonic tendon (HH 28 to HH 43) as detected using SHG imaging and trichrome staining, respectively. Figure re-
produced and adapted from Marturano et al. [30]

Fig. 6.4 (a) The collagen microstructure imaged

using SHG imaging after BAPN or saline (control)

treatment. Scale bar, 10 μm. (b) Hydroxyproline (repre-

sentative of collagen) content quantified using

p-Dimethylaminobenzaldehyde (DMAB) absorbance

assay. (c) Nanoscale elastic modulus of BAPN- or saline

(control)-treated tendons, measured using

FV-AFM. Figure reproduced and adapted from
Marturano et al. [30]
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quantification, and FV-AFM [30]. BAPN treat-

ment had no effect on collagen fiber organization

(Fig. 6.4a) or hydroxyproline content (Fig. 6.4b).

However, despite no change in the collagen den-

sity or organization, BAPN treatment signifi-

cantly reduced the elastic modulus of tendons in

a dose-dependent manner. At its highest dosage

administered (15 mg/g), BAPN reduced the elas-

tic modulus of HH 40 tendons by 38.8 %

(p < 0.05) and of HH 43 tendons by 68.4 %

(p < 0.001) (Fig. 6.4c) without affecting cell

viability [30]. These findings demonstrate

LOX-mediated collagen crosslinks play a critical

role in the elaboration of mechanical properties

of tendon during embryonic development.

LOX-Mediated Collagen Crosslinks Are
Potential Markers of Tendon
Development

In previous studies, several markers of tenogenic

differentiation and embryonic tendon development

were identified, including scleraxis (Scx), mohawk

(Mkx), tenomodulin (Tnmd), tenascin-C, collagen

type I (Col I), and early growth response-1 (Egr-1)

(see Chap. 7) [4, 8, 9, 11, 18, 20, 22, 27, 28, 30, 39,

46]. These molecular markers identify tendon cells

and tissue, but do not provide information about

the functional (mechanical) properties of the ten-

don. Based on our findings in Marturano et al. [30],

we were interested in examining the potential to

use LOX-mediated crosslinks as markers of func-

tional tendon development.

Liquid chromatography tandem-mass spec-

trometry (LC-MS/MS) was employed to quantify

LOX-mediated crosslinks as a function of devel-

opmental stage [31]. Specifically, hydroxylysyl

pyridinoline (HP) and lysyl pyridinoline (LP)

were quantified in tendons of HH 28 to HH

43 chick embryos. In adult tendon, the HP

crosslinks, which link three hydroxylysines, are

more prevalent than the LP crosslinks, which link

two hydroxylysines with one lysine [13]. In

embryonic tendon, we found that both the HP-

to-dry mass ratio (Fig. 6.5a) and the HP þ LP-

Fig. 6.5 LC-MS/MS measurements of (a) HP, (b) LP,

and (c) total HP þ LP density of BAPN- and saline

(control)-treated HH 28 to 43 embryonic chick tendons.

Correlation between elastic modulus and (d) HP or

(E) HP þ LP density of BAPN- and saline (control)-

treated HH 28 to 43 embryonic chick tendons. Figure re-
produced and adapted from Marturano et al. [31] with
permission from Acta Biomaterialia
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to-dry mass ratio (Fig. 6.5c) increased with

developmental stage, with smaller increases at

early stages and larger changes at later stages

(Fig. 6.5a,c) [31]. These results demonstrated a

similar trend to that obtained for nanoscale elas-

tic modulus changes during development [30].

In contrast, the LP-to-dry mass ratio (Fig. 6.5b)

did not follow this trend, with higher levels

associated with earlier embryonic stages

[31]. Our data showed that the HP crosslinks

were present at higher levels than LP crosslinks

in embryonic tendon, consistent with adult ten-

don [13]. Statistical analysis demonstrated that

nanoscale elastic modulus correlated highly

with the total HP þ LP-to-dry mass ratio

(Fig. 6.5e; r2 ¼ 0.8; p < 0.0001) and the HP-

to-dry mass ratio (Fig. 6.5d; r2 ¼ 0.78;

p < 0.0001) [31]. These findings demonstrate

the potential to assess LOX-mediated

crosslinkers as functional markers of embryonic

tendon tissue formation.

A major advantage to using LC-MS/MS to

evaluate the functional properties of tendon is

that it requires very small sample sizes and

numbers. This is in contrast to the need for larger

sample sizes for gripping in a mechanical tester,

and a higher sample number required for statisti-

cal rigor with mechanical testing. In the case of

LC-MS/MS, only a small biopsy would be

needed. The findings of this study are significant

because they demonstrate that LOX-mediated

crosslink density could be useful as a functional

marker of tendon tissue formation, offering sig-

nificant advantages over mechanical testing to

obtain similar information.

The Actin Cytoskeleton Contributes
to Embryonic Tendon Mechanical
Properties and Is a Biomarker
of Development

As seen in a number of our studies, embryonic

tendon has a high density of tendon progenitor

cells (TPCs) that gradually decrease in density

as ECM (e.g., collagen) is deposited and new

tissue is formed (Fig. 6.3) [25, 30, 37]. To char-

acterize these cells further, we used DAPI and

Fig. 6.6 (a) Representative confocal images of actin and

collagen crimp patterns in HH 34, 35, and 37 embryonic

tendons, as detected by phalloidin staining for actin

(green, top panel) and SHG for collagen (red, middle
panel). Bottom panel showed phalloidin staining and

SHG images merged. Scale bar, 10 μm. (b) Amplitude

and period of the crimp pattern of the actin cytoskeletal

network and extracellular collagen of HH 35, 36, and

37 embryonic tendons. (c) Elastic modulus of HH

36 embryonic limb explants after 24 h of blebbistatin or

vehicle control treatment. Figure reproduced and
adapted from Schiele et al. [37] with permission from
Journal of Orthopaedic Research
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phalloidin staining to visualize cell nuclei and

actin cytoskeleton filaments, respectively, in

HH 34 to HH 37 embryonic tendons (not

shown). The TPCs appeared densely packed,

and image analysis found no significant

differences in cell number (1.58 � 106 cells/mm
3) between developmental stages. A particularly

interesting finding was that the actin filaments

appeared to form a contiguous network between

adjacent cells and spanned multiple cells

(Fig. 6.6a) [37]. We also found that a crimp

pattern emerged in the actin cytoskeletal net-

work across cells, and that this overlapped with

the crimping extracellular collagen (Fig. 6.6a).

This was confirmed with image analysis of the

crimp pattern, finding identical amplitude and

period in the crimp of the actin filaments and

collagen fibers (Fig. 6.6b). Furthermore, this

actin filament crimp pattern was unique to each

of the stages analyzed, demonstrating actin

crimp pattern to be a stage-specific biomarker

for tendon development.

Based on these results, we proposed the

apparent intercellular actin cytoskeletal network

contributes to the mechanical properties of

embryonic tendon at the earlier stages of devel-

opment [37]. We tested this hypothesis by cultur-

ing HH 36 chick embryo calcaneal tendon

explants in the presence of blebbistatin (25 μM)

or vehicle control. Blebbistatin inhibits rigid

crosslinking between non-muscle myosin II and

the actin filaments to disrupt the actin cytoskele-

ton [24, 38]. Blebbistatin treatment did not alter

the collagen fiber organization but disrupted the

actin stress fibers, and significantly reduced the

elastic modulus by 21.4 %, from 1.4 � 0.3 kPa

to 1.1 � 0.2 kPa (p ¼ 0.02) (Fig. 6.6c). This

finding demonstrated that the actin cytoskeleton

is not only a unique biomarker of tendon cell

morphology during development, but that it is

also a significant contributor to tendon mechan-

ical properties during embryonic tissue

formation.

Embryonic Tendon Development May
be Influenced by Muscle-Generated
Mechanical Loading

Functional muscle, which attaches to tendon at

the myotendinous junction, puts tendon under

tensile load with each contraction, as occurs dur-

ing leg kicking. Thus, during muscle-induced

activities, such as repeated kicking, the tendon

experiences cyclic tensile loading. It is possible

that the resident cells of the tendon experience

these mechanical forces with each muscle con-

traction, transducing the mechanical strains that

they sense into biological signals. It would be

exceedingly challenging to investigate such

effects of tensile loading on tendon cells

in vivo, as this would require separating the

mechanical from the soluble influences of muscle

during development. To circumvent this chal-

lenge, our group has implemented a novel

approach that utilizes bioreactor culture systems

to impose mechanical loading on embryonic ten-

don progenitor cells and tissues, in the absence of

unknown factors (e.g., growth factors, cytokines,

etc.). These benchtop culture systems provide

highly controlled microenvironments in which

individual or specific combinations of physical

and biochemical cues can be administered to

study their role in the regulation of cell function.

This section will focus on the potential role of

skeletal muscle-induced mechanical loading in

the development of embryonic tendon in vivo,
and the effect of mechanical stimulation and

growth factor treatment on the behavior of

tenogenically differentiating cells.

Muscle Paralysis Affects Embryonic
Tendon Development

During embryonic development, the formation of

the myotendinous junction (where muscle inserts

into tendon) enables tendons to transmit muscle
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contraction-induced mechanical forces to bones.

In the complete absence of muscle, chick limb

tendon formation will commence, but subse-

quently will atrophy [22, 23]. The reasons for

this are not completely understood, but loss of

muscle contraction-induced mechanical loading

and loss of muscle-secreted biological factors

have both been implicated.

In two different studies, immobilization of

embryos using the neuromuscular blocking

agent decamethonium bromide [15, 33] resulted

in a reduction in the tendon cross-sectional area

of chick embryos [16]. The loss of differentiated

craniofacial muscles in Myf5-Myod1-deficient

zebrafish has been reported to decrease tendon

progenitor formation in both the head and fin,

though not in the axial region [10]. Furthermore,

mouse embryos with muscular dysgenesis (mdg),
a spontaneous mutation that results in the loss of

excitation-contraction coupling and therefore

causes muscle paralysis, have thinner flexor

digitorum superficialis tendons, as compared to

wildtype [19]. Taken together, it could be

inferred from these muscle paralysis studies that

skeletal muscle contraction is important for the

normal development of embryonic limb tendon.

However, these studies did not account for

alterations in muscle-secreted soluble cues and

how this may have affected the development of

the embryonic tendon.

Scx is a basic helix-loop-helix transcription

factor that is expressed in tendon progenitors in

the embryo and in differentiated tenocytes of the

adult [6, 39]. It has been reported that in the

absence of muscle, there is diminished Scx

expression. Multiple studies have also

demonstrated that expression of this tendon-

specific marker can be rescued by the ectopic

application of FGF4 [5, 12] or FGF8 [6], both

of which are secreted by the muscle adjacent to

tendon. In all of the above studies, it is not clear

how muscle contraction-induced mechanical

loading and muscle-secreted soluble factors

each contribute to embryonic tendon develop-

ment because they cannot be studied in isolation

in vivo. However, while not definitive, these

studies collectively suggest muscle-generated

mechanical and chemical cues both play a role

in the regulation of embryonic tendon

development.

Novel Mechanical Loading Bioreactor
Systems to Investigate Mechanical
and Chemical Influences of Tendon
Progenitor Cell Function

To examine the individual effects of muscle-

generated mechanical and biochemical stimuli

on embryonic tendon progenitor cell (TPC)

behavior, we performed novel in vitro studies

with custom-designed bioreactors. Using biore-

actor culture systems, we subjected TPCs to indi-

vidual and combinations of specific mechanical

forces and growth factor treatments under highly

controlled conditions [8, 9]. This novel approach

enabled simulations to study the specific effects

of muscle-generated mechanical loading or

growth factors, without the influence of unknown

factors that would additionally affect the cells

in vivo.

TPCs, the primary resident cells within the

embryonic tendon, can be identified via Scx

expression. To obtain mouse embryonic TPCs

for our studies, we harvested Scx-GFP positive

axial and limb cells from Scx-GFP transgenic

mouse embryos from embryonic day (E) 13 to

postnatal day (P) 7 [8]. Axial and limb TPCs

arise from different locations in the embryo. In

particular, axial tendon progenitors arise from

the syndetome, a compartment within the

somites [6], whereas limb tendon progenitors

originate from the superficial limb mesenchyme

[39]. We were interested in understanding

whether TPCs of different anatomical origins

would have different responses to the same

factors implicated in embryonic tendon

development.

In the bioreactor cultures, TPCs were

subjected to either mechanical (cyclic tensile)

loading (1 % strain, 0.5 Hz, 1 h/day) or exoge-

nous growth factor treatments (FGF4, TGFβ2)
[8]. FGF4 and TGFβ2 were selected because

they have been implicated in embryonic tendon

development [5–7, 12, 25, 35]. In this study, we

tested the hypotheses that putative tendon
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developmental factors (mechanical loading,

FGF4, TGFβ2) are tenogenic in vitro, and that

the TPC response to mechanical loading or

growth factor treatment vary with anatomical

origin and developmental stage.

TGFβ2 significantly increased Scx gene

expression at all stages (E13 to P7), except E16,

in both limb and axial TPCs after just 1 day of

treatment [8]. In contrast, FGF4 failed to

upregulate Scx gene expression, despite in vivo

findings by others in which FGF4 rescues Scx

expression [7, 12]. Additionally, FGF4 signifi-

cantly downregulated Tnmd and TGFβ2 gene

expression in limb TPCs after 3 days. Collec-

tively, these data suggest that TGFβ2 is a potent

factor for tenogenesis in vitro, but that FGF4 may

not be.

Interestingly, limb and axial TPCs responded

differently to TGFβ2 treatment. Tnmd (late stage

marker) was not regulated in limb TPCs during

the early stages of development (E13 to E15)

(Fig. 6.7b), but was significantly downregulated

in axial TPCs at the same developmental stages

(Fig. 6.7a) [8]. Under control conditions

(no growth factor or mechanical loading), both

limb and axial TPCs upregulated elastin expres-

sion over culture time (0 to 5 days). When treated

with FGF4, this trend was abrogated in limb

TPCs, whereas axial TPCs continued to increase

elastin expression over time. Collectively, these

results demonstrate the importance of consider-

ing the anatomical origin of the tendon in a tissue

engineering approach.

Developmental stage-dependent TPC

responses to mechanical loading and growth fac-

tor treatments were also analyzed for both limb

and axial TPCs as part of the study [8]. Mechani-

cal loading did not regulate TGFβ2 gene expres-

sion in the earlier stages of development (E13

and E14). However, during the later stages of

development (E15 to P7) we saw significant

downregulation of TGFβ2 gene expression in

response to mechanical loading. In axial TPCs,

TGFβ2 treatment significantly decreased Tnmd

expression from E13 to E15 but did not regulate

the expression between E16 to P7. Interestingly,

loading did not affect Scx expression in either

cell type. Future studies to further examine the

role of mechanical loading in tenogenesis will be

worthwhile, as we discuss below. Taken

together, these results indicate that the stage of

tenogenic differentiation of a progenitor cell is

important to consider when designing a tissue

engineering treatment strategy.

Overall, this study demonstrated a novel

approach using bioreactor culture systems to

investigate embryonic TPC responses to indi-

vidual mechanical and biochemical cues. The

results of this study provided evidence for

TGFβ2 to be a potent tenogenic factor in vitro,
and suggested that the role of FGF4 in

tenogenesis may be more complex than in vivo

studies indicate. Additionally, our results dem-

onstrate that TPC responses are dependent on

anatomical origin and developmental stage.

These findings have brought new insights to

Fig. 6.7 (a) Effects of TGFβ2 on Tnmd gene expression

in limb cells (E13 to P7) in TPCs after 1, 3, and 5 days of

treatment. (b) Effects of TGFβ2 on Tnmd gene expres-

sion in axial cells (E13 to P7) in TPCs after 1, 3, and

5 days of treatment. *p < 0.05, **p < 0.01, and ***p

< 0.001. Figure reproduced and adapted from Brown
et al. [8] with permission from Journal of Biomechanics
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the role of muscle-generated mechanical and

chemical stimuli on embryonic tendon

development.

MSCs Demonstrate Tenogenic
Differentiation Potential Based
on Their Ability to Mimic Embryonic
Tendon Progenitor Cell Behavior

Our goal is to learn from embryonic tendon

development to inform tendon tissue engineering

strategies with adult stem cells. An attractive

adult stem cell type for tissue engineering and

healing strategies is the MSC. Adult MSCs have

the potential to differentiate towards the osteo-

genic, chondrogenic, and adipogenic lineages.

They can be harvested from various tissues

including bone marrow, adipose, tendon, muscle,

and more [3, 9, 26, 27, 38, 47]. The advantages of

MSCs include high expansion potential,

multilineage differentiation capacity, easy acces-

sibility, and low immunogenicity, the latter being

useful for allogeneic transplants.

Chemical stimuli, such as growth factors, are

commonly utilized to direct MSCs towards vari-

ous mesenchymal lineages in vitro. To induce

MSCs to tenogenically differentiate into tendon

fibroblasts, investigators have used 3D constructs

subjected to uniaxial static tension [1, 45]. We

have demonstrated that uniaxial dynamic tension

and a 3D culture environment have the potential

to increase the expression of embryonic

tenogenic markers in human and murine MSCs

[9, 27]. Recently, investigators have also exam-

ined the effect of substrate stiffness [40, 41] on

tendon marker gene expression in MSCs. Collec-

tively, these studies demonstrate that the

mechanical microenvironment can play an

important role in the regulation of tenogenic

cell behavior. To further accelerate progress of

stem cell-based tendon tissue engineering,

tenogenic cues and markers will need to be

established. In this section, we review studies

that examine the influence of exogenous stimuli

on MSC behavior in comparison with embryonic

TPCs (model of tenogenically differentiating

cells). These studies demonstrate the potential

for select tendon developmental factors to induce

tenogenic differentiation of MSCs when exoge-

nously applied. These findings also show that

MSCs have tenogenic potential by directly

demonstrating their capacity to respond to these

cues similarly as tenogenically differentiating

cells of the embryonic tendon (TPCs).

MSCs Respond Similarly as Embryonic
TPCs to Exogenously Applied
Embryonic Tendon Factors

After establishing embryonic TPCs as a model

system to study the influence of mechanical and

soluble cues on tenogenic cell behavior [8], we

tested the hypothesis that the cues involved in

regulating TPCs in vivo can induce similar

responses in both MSCs and TPCs in vitro

[9]. Our goal was to assess the potential for

MSCs to mimic TPC behavior as a method to

evaluate whether the MSC responses to applied

cues are tenogenic. MSCs were harvested from

the bone marrow of 4-month old male Scx-GFP

mice, selected by plastic adherence, seeded on

2-dimensional substrates, and then mechanically

loaded under cyclic tension, or treated with

TGFβ2 or FGF4. Gene expression responses of

the MSCs were compared with that of embryonic

TPCs that were subjected to the same conditions.

Mechanical loading did not regulate the gene

expression of tendon markers Scx, TGFβ2,
Tnmd, and Col I in MSCs or TPCs [9]. This

finding was similar to our earlier findings with

axial and limb TPCs [8], which could suggest

that mechanical loading is not tenogenic. How-

ever, in another previous study in which human

MSCs were mechanically loaded under tension,

we found that while loading did not regulate

Col I, III, or XII gene expression levels, it signif-

icantly enhanced collagen protein deposition

within the 3D constructs over static conditions

(Fig. 6.8) [27]. Specifically, cyclically loaded

samples had 50 % more collagen than statically

loaded samples after 7 days of culture, as deter-

mined by histomorphometric analysis of staining

intensity [27]. Importantly, these findings
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demonstrated mechanical loading may indeed be

tenogenic, and that its effects are post-

transcriptional.

With regards to chemical stimulation, treat-

ment with the growth factor FGF4 elicited dis-

similar responses in MSCs and TPCs. In MSCs,

FGF4 treatment significantly downregulated the

gene expression levels of all the tendon markers

(Scx, TGFβ2, Tnmd, Col I, and elastin) assessed

in the study. In contrast, FGF4 treatment of TPCs

downregulated only the mRNA levels of elastin,

and not the other markers. Notably, the TPCs in

this study were harvested from the limb, and

demonstrated the same response to FGF4 as we

previously reported [8]. TGFβ2 significantly

upregulated Scx expression in both cell types,

but had no effect on TGFβ2 or Col I gene expres-
sion, and significantly downregulated Tnmd and

elastin mRNA levels. Similarly, in TPCs, TGFβ2
had no effect on TGFβ2 or Col I mRNA levels,

but in contrast to MSCs, it had no effect on

elastin and Tnmd expression. Together, these

data suggest that TGFβ2 may induce tenogenic

differentiation of progenitor cells in vitro. These

data also support that MSCs have the ability to

tenogenically differentiate, based on their similar

responses to TGFβ2 treatment when compared to

TPCs. Future studies to further understand the

inherent differences between MSCs and TPCs

may lead to novel approaches to enhance

tenogenic differentiation of adult stem cells.

Taken together, these studies demonstrate the

importance of thoroughly evaluating cell

responses at the gene, protein, and functional

levels to understand how a mechanical or bio-

chemical cue is affecting a cell.

Future Directions and Conclusions

Tissue engineering and regenerative medicine

aim to restore normal cellular and tissue func-

tion. Progress with approaches to engineer or

regenerate new tendon has been limited, due in

part to a need for effective methods to evaluate

tenogenic differentiation and neotissue forma-

tion. In this chapter, we reviewed a series of

studies in which we characterized structure–

property relationships of embryonic tendon as

well as tendon progenitor cell function during

development. Our findings identified potential

cues and markers to induce and assess tendon

formation, respectively. We also demonstrated

the potential to guide tenogenic differentiation

of adult MSCs with factors that play integral

roles in tenogenic differentiation of embryonic

TPCs during normal development. Future studies

Fig. 6.8 Longitudinal 5-μm-thick sections of MSCs

cultured in 3D collagen type I engineered constructs,

harvested after 1 and 7 days of static and cyclic loading,

and then histologically stained with Mallory’s Trichrome

stain. Figure reproduced and adapted from Kuo et al. [27]
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to reveal the mechanistic effects of these factors

on MSCs will be important in establishing

embryonic development-informed tissue engi-

neering with adult stem cells.
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Cell Signaling in Tenocytes: Response
to Load and Ligands in Health
and Disease
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Abstract

Signaling in tenocytes during development, homeostasis and injury

involves multiple and redundant pathways. Given that tendons transmit

mechanical forces from muscle to bone to effect movement, a key func-

tion for tenocytes is the detection of and response to mechanical stimula-

tion. Mechanotransduction involves matrix-integrin-cytoskeleton to

nucleus signaling, gap junction intercellular communication, changes in

intracellular calcium (Ca2þ), activation of receptors and their pathways,

and responses to biochemical factors such as hormones, growth factors,

adenosine triphosphate (ATP) and its derivatives, and neuromodulators.

The primary cilium also plays a key role in the detection of mechanical

signals. During development, transforming growth factor-β (TGF-β), bone
morphogenetic protein (BMP), and hedgehog (Hh) signaling modulate

tendon differentiation and formation. The response to injury is complex

and varied involving not only inflammatory mediators such as interleukin-

1β but also mechanosensing. This chapter reviews the signaling pathways

tenocytes use during mechanotransduction, development and in response

to injury.
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Introduction

Mechanical stimulation is important for

maintaining tendon structure and function and

may influence cellular responses to external

factors, including hormones, growth factors,

nucleotides, and neurotransmitters, possibly

released from surrounding blood vessels and

nerves during trauma to the tendon (Fig. 7.1

[13, 49]). Specific signaling pathways may be

activated in response to mechanical stimulation

that drive matrigenesis, mitogenesis

(MEK/MAPK), a stress response (JAK/STAT

and JNK/SAPK), apoptosis, or other responses

[4, 7, 11, 14, 15, 62–64]. The extent of the

response can be altered by the microenvironment

itself. Tenocytes have a homeostatic set point

provided by cytoskeletal tension and connections

to the extracellular matrix, that when altered,

changes tenocyte shape, increases matrix

metalloproteinase-13 (MMP-13) mRNA expres-

sion, and alters cilia length [5, 44]. Tenocyte

responses to both physical and chemical changes

in their environment may involve second

messengers (such as cyclic adenosine

monophosphate (cAMP), cyclic guanosine

monophosphate, ATP, guanosine triphosphate,

nitric oxide, prostaglandin E2 (PGE2), inositol

triphosphate (IP3), and diacylglycerol) that can

act in autocrine and/or paracrine fashions, ion

channels (such as Ca2þ-dependent, Ca2þ-inde-
pendent, stretch-activated and voltage-gated),

changes in RNA and protein expression, cilia

deformation, cytoskeletal interactions (involving

integrins, focal adhesion kinase, paxillin, filamin,

integrin-linked kinase, vinculin, and talin),

changes in intracellular calcium concentration

([Ca2þ]ic), and intercellular communication,

among other mechanisms (Figs. 7.1 and 7.4).

The detection of mechanical signals is key for

tendon function given that their primary role is to

transmit mechanical forces from muscle to bone

to effect movement. Under normal physiologic

conditions, tendons are subjected to low strains.

At 1 % strain in whole tendon in vivo, the matrix

crimp pattern is unaffected and cells are nominally

deformed [6]. However, an applied 3 % strain

deforms collagen fibrils to a straightened position.

The tendon is taut and can undergo reversible

deformation thus, the cells are subjected to a

level of deformation above a nominal threshold.

At 5 % strain, the tendon is subjected to the upper

limit of elastic deformation and suffers some plas-

tic deformation. Plastic deformation could include

cell-cell contact disruption or alterations in protein

arrangement within the tenocyte plasma mem-

brane, such as connexin 43 (Cx43), the primary

constituent of gap junction channels in tenocytes

[72] and initiate an inflammatory response that

involves interleukins, MMPs, and insulin like

growth factor [88, 89, 93, 95].

This chapter will review some of the key

mechanisms tenocytes use in

mechanotransduction, including Ca2þ signaling,

intercellular communication via gap junctions,

norepinephrine (NE) activation of adrenoceptors,

ATP and purinoceptors, and primary cilium. In

addition, this chapter will review signaling

pathways used during tendon development and

in response to injury.

Tenocyte Mechanotransduction

Calcium Signaling and Gap Junction
Intercellular Communication

One method by which tenocytes can detect and

respond to mechanical stimulation is through

intercellular communication pathways whereby

[Ca2þ]ic increases in a coordinated fashion

among interconnected cells [17]. Calcium wave

propagation has been demonstrated in many cell

types and can occur through direct intercellular

signaling via gap junctions [25, 87], paracrine

signaling mechanisms [32, 56, 57], or both

[28, 56, 57]. Cells can propagate Ca2þ waves to

neighboring cells through the passage of IP3, or a

signal that produces IP3 in neighboring cells,

through gap junctions and activation of IP3
receptors on the endoplasmic reticulum [17].How-

ever, it has become apparent that cells can use

multiple mechanisms to propagate intercellular

Ca2þ waves, including the release of nucleotides

(e.g., ATP, uridine triphosphate (UTP)) and
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subsequent activation of purinoceptors on neigh-

boring cells [28, 55–57].

Tenocytes in vivo have immunohisto-

chemically detectable gap junctions [72].

In vitro, human tenocytes form functional gap

junctions in both monolayer and three-

dimensional collagen gels [60]. Gap junction

channels form between cells when hexameric

gap junction protein (connexins) structures on

neighboring cells dock to create a pathway for

direct intercellular exchange of ions and

molecules [39, 40, 86, 107]. Connexins have

been shown to be associated with the actin cyto-

skeleton, which may help stabilize gap junctions

during periods of prolonged mechanical loading

[103]. Additionally, connexin hemichannels can

contribute to intercellular communication via

autocrine and paracrine pathways (see [47] for

review). In vitro, Cx32 and Cx43 are expressed

in human, avian, murine and equine tenocytes,

with Cx43 being the most prevalent species

[17, 60, 107]. Avian tenocytes also express Cx26

[17]. Cx43 connects tenocytes in a syncytium,

whereas Cx32 connects tenocytes between syncy-

tial layers (Fig. 7.2 [72, 107]).

In tendon, gap junctions are involved in

mechanotransduction pathways [101]. The mag-

nitude of the applied mechanical load can alter

gap junction intercellular communication in

tenocytes, where low levels of strain (4 %)

Fig. 7.1 A synopsis of normal and pathologic processes that results in homeostatic balance or pathologic process in

tenocyte signaling pathways (Altered with permission from Banes et al. [13])
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increased communication but high levels of

strain (8 %) decreased communication

[69]. Gap junctions also modulate load-induced

DNA and collagen synthesis, which may contrib-

ute to matrix remodeling in response to load

[12]. Results of a study by Waggett et al. [100]

indicated that signaling mediated by Cx43 gap

junctions may inhibit load-induced collagen

secretion, whereas Cx32 signaling may stimulate

load-induced collagen secretion in tenocytes.

Thus, a change in connexin expression or signal-

ing could significantly alter the molecular signals

transferred between cells [46] and potentially the

physiological response of the tenocyte.

Gap junctions are gated by several

mechanisms including phosphorylation of ser-

ine residues on connexins. The full promoter

sequence for Cx43 contains two activator

protein-1 (AP-1) and four cAMP response

elements (CRE)-like sites that are reported to

mediate cellular response to cAMP [108]. As a

second messenger, cAMP can modulate

changes in gene expression via activation of

transcription factors (e.g., CREB) that bind to

specific promoter sequences that drive gene tran-

scription. In avian tenocytes, cyclic equibiaxial

strain activated cAMP response element binding

(CREB) protein and AP-1 transcription factors

[16]. Cyclic AMP as well as Ca2þ can increase

protein kinase A and C activation, respectively,

which ultimately results in Cx43 phosphoryla-

tion [27, 86]. Norepinephrine activation

of adrenoceptors can also increase cAMP and

[Ca2þ]ic in connective tissues [21, 59, 102]. Thus,

Fig. 7.2 Side view is a view of multiple tenocyte syncy-

tial layers connected by connexin (Cx) 32; Top view is

an in face view of a single tenocyte syncytial layer

connected by Cx43. 32, Cx32 gap junctions connecting

over and underlying tenocyte syncytia; 43, Cx43 gap

junctions in adjacent cells in a syncytium; C cell body,

N nucleus, M extracellular matrix
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strain and NE may activate common or additive

site(s) in the Cx43 promoter to drive transcrip-

tion. Other ligands may also act to alter Cx43

expression during injury or disease. IL-1β was

found to upregulate Cx43 expression in tenocytes

[83]. Furthermore, strain-induced cell death is

gap junction-dependent [83].

Norepinephrine and Adrenoceptors

Norepinephrine is a neurotransmitter that binds

adrenoceptors, G-protein coupled receptors impor-

tant in the regulation of many functions including

vasoconstriction (see Chap. 4) [34, 48, 99]. Cells

from avian tendons express the α1A and α1B-
adrenoreceptor subtypes [102] and respond to NE

by increasing [Ca2þ]ic primarily via activation of

α1A-adrenoreceptors [102]. Human and rabbit

tenocytes have been found to express α2A-
adrenoceptors [8]. Normal human tendons show

positive immunoreactivity for adrenoceptors in

both the tendon proper and in the tendon blood

vessel walls [33]. Human tenocytes also express

tyrosine hydroxylase which suggests that tenocytes

may be capable of producing endogenous

catecholamines [8]. Additionally, tendons that pres-

ent with tendinosis have increased immunoreactiv-

ity for α1-adrenoreceptors in the blood vessel walls
suggesting a role of catecholamines in tendinopathy

[33]. Thus, adrenoceptors may provide a mecha-

nism for neurohormonal modulation of tenocyte

function under both normal and diseased states.

Purinoceptors and ATP

Purinoceptors are metabotropic, G protein cou-

pled (P2Y class) or ionotropic, ligand-gated ion

channels (P2X class; [31]). P2Y2 reacts with

ATP or UTP, and P2Y1 reacts primarily with

adenosine diphosphate (ADP) but partially with

ATP [30, 31]. In tendon, ATP activates P2Y2

purinoceptors [97]. Tenocytes secrete ATP par-

ticularly in response to fluid shear or stretch

[97]. The effect of secreted ATP is modulated

by ecto-NTPases, which are expressed by

tenocytes and appear to act principally at the

cell surface in tendon [96]. Addition of 1 μM
ATP to tenocytes or ligament cells in vitro and

in whole tendons ex vivo increased [Ca2þ]ic
[44, 55]. ATP and UTP may also act to amplify

responses to mechanical stimulation because

they activate a common pathway through an

increase in [Ca2þ]ic [97]. Tenocytes from P2Y2

knockout mice that lack the receptor for ATP

do not respond to substrate strain by increasing

[Ca2þ]ic [54]. ATP can also modulate the con-

traction of a linear, three-dimensional, collagen

gel seeded with tenocytes or MC3T3-E1 cells

[84] indicating a role of ATP in matrix

remodeling. Increased ATP secretion may acti-

vate an inhibitory pathway, which may dampen a

response to load [96, 97]. Additionally, ATP or a

breakdown product, such as ADP or adenosine,

may act as a stop, or modulating signal(s) for

some genes impacted by mechanical load.

In addition to modulating responses to mechan-

ical load, ATP is an important modulator of

inflammatory gene expression in tenocytes. ATP

can inhibit IL-1β-induced MMP mRNA and pro-

tein expression, cyclooxygenase-2 (COX2)

expression, and PGE2 secretion [97].

Deformation Sensing

Tenocytes can detect mechanical signals and, in

turn, impose a mechanical signal via the matrix

and/or substrate upon which they are cultured

through both autobaric and parabaric effects

(Fig. 7.3). Tenocytes detect substrate strain

[104] likely via integrin connections to matrix

through tensegrity [51]. More recently, tenocytes

have been shown to also utilize the primary

cilium to detect strain [61]. The illustration in

Fig. 7.3 depicts how tenocytes respond to sub-

strate strain, individually and in a syncytium. In

the case of an autobaric effect, a tenocyte may

respond to strain or a ligand by contracting,

hence loading the cell itself and the matrix to

which it is attached. The cell may then spread

and flatten, altering its substrate even further. In a

second set of responses, a tenocyte may alter
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Fig. 7.3 Autobaric effects –At t0, a cell receives amechan-

ical signal by deformation, and the response is a cell contrac-

tion event. The cell contracts and flattens (t1) thus applying a

secondary deformation to itself. Parabaric effects – Similar to

the autobaric response to a mechanical stimulus, a cell or

series of cells receive a signal then applies deformation via

contraction to themselves and adjacent cells. The cell-driven

deformation can be direct when cells are directly attached or

indirect if cells are adjacent and deform the matrix, thereby

transmitting load to an adjacent cell. In addition, in direct

effects, the signal can be transmitted to adjacent cells via gap

junction intercellular communication. In indirect effects, the

signal can also be transmitted to neighboring cells via second

messengers such as the release of adenosine triphosphate

(ATP) through connexin (Cx) hemichannels from the

mechanically loaded cell. The ATP can then activate

purinoceptors (P2Y2) on neighboring non-stimulated cells.

(Altered with permission from Banes et al. [13])
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shape by flattening, spreading and if attached to

other tenocytes in a syncytium, will also apply

load to attached cells in a direct parabaric effect.

If a responding tenocyte is mechanically loaded

but not directly attached to a neighboring cell, it

may apply its load to the substrate and indirectly

to the neighboring tenocyte in an indirect

parabaric effect. In each case, the tenocyte can

signal to cells via gap junctions or purinoceptors.

Role of Primary Cilia in Tenocytes

Primary cilia were discovered on mammalian

cells in 1898, though they have been largely

regarded as vestigial organelles for a majority

of that time since their initial discovery

[109]. Research over the last 20 years has

revealed that primary cilia are prevalent on

nearly all somatic cells. A typical (non-motile)

primary cilium is composed of: (1) a tubular

axoneme, approximately 0.2 microns in diameter

and up to 10 microns in length, delimited by the

ciliary membrane (contiguous with the cell’s

plasma membrane) and typically projecting out-

ward from the cell body, (2) the axoneme

containing nine circumferential microtubule

doublets, devoid of a central pair of microtubules

arranged in a 9 þ 0 configuration, (3) a cylindri-

cal basal body, of nine microtubular triplets

derived from the mother centriole, which nucle-

ate the microtubules of the axoneme [92], and

(4) transition fibers and a basal foot that anchor

the primary cilium to the cell membrane and/or

ciliary pocket and the actin cytoskeleton

[73]. The cilium is typically observed in a

juxtanuclear position and often colocalizes with

the Golgi apparatus [78]. The expression of the

primary cilium is intimately associated with the

phases of the cell cycle; however, there is some

evidence that the details of this characteristic

may be cell-type specific. Tenocytes in vivo and

in vitro have primary cilium that face each other

and vary in length [85].

Primary cilia generally present characteristics

of chemo and mechanosensitivity and are thought

to, in part, coordinate mechanotransduction

pathways, particularly in mechano-active

connective tissues [74, 75, 105]. Additionally, a

variety of important signaling pathways localize

their signaling activity to the base and axoneme of

the primary cilium, including proteins of the Hh,

Wnt, TGF-β, and platelet-derived growth factor

pathways [81]. Though several important signal-

ing mechanisms localize their activity to the pri-

mary cilium, many of the underlying mechanisms

behind cilia expression and function remain

elusive.

In the context of connective tissue, primary

cilia were initially observed in cartilage [78, 79]

and bone [105]. Imaging primary cilia in dense

3-dimensional (3D) connective tissue for quanti-

tative analysis requires a sophisticated approach to

generate accurate data on the length, shape and

dimensions of the primary cilium. Groups have

analyzed ciliary structure with transmission elec-

tron microscopy, epi-fluorescence microscopy

with deconvolution, standard confocal fluores-

cence microscopy and multi-photon microscopy.

Farnum and coworkers developed a method of

morphometric analysis through using mulitphoton

microscopy in such a way that allows them

breakdown planar ciliary angle as well as

elevation angle. Additionally, their approach

allowed them to identify the prominence of pri-

mary cilium in the dense extracellular matrix of

tendon and cartilage tissue [1, 41]. Farnum and

Wilsman [42] further pioneered a more exten-

sive analysis of the primary cilia in dense con-

nective tissue, such as cartilage and tendon, to

generate a more thorough understanding of the

relationship between cilia orientation and

mechanosensitivity.

Ciliary mechanosensitivity has been largely

demonstrated in changes in cilia-associated

proteins in response to fluid shear stress. These

studies empirically demonstrated that primary

cilia mediate mechanotransduction of shear

forces in osteoblast cell types [70]. Other work

in cartilage has shown that healthy and diseased

cartilage tissue differentially express primary

cilia, likely dependent on the mechanical envi-

ronment that develops during osteoarthritis. Fol-

lowing these studies, cilia mechanosensitivity

has been demonstrated in tendon explants

cultured under cyclic tensile strain
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[45, 61]. Gardner et al. [45] demonstrated that

stress deprivation of tendon explants induced

cilia elongation in tenocytes within 24 h, whereas

cyclic tensile loading at 3 % strain induced a

shortening of ciliary length. The authors suggest

that in the absence of loading typically experi-

enced by tendon in situ, tenocytes extend their

cilia to increase their sensitivity to detect

mechanical changes in their environment. In the

study by Lavagnino et al. [61], rat tail tendon

fascicles were incrementally exposed to strain

levels up to 8 % and the ciliary deflection angle

was measured at each strain increment. Detection

of changes in ciliary deflection under this range

of strains indicated scaling of deflection concor-

dant with physiologic loading in vivo, supporting

the hypothesis that cilia play a role in tendon

mechanosensory mechanisms [61].
Other studies in mesenchymal (MSCs) and

adipose stem cells (ASCs) have shown that the

primary cilium may play a role in lineage speci-

fication [24, 50, 98]. Disrupting the primary

cilium structure and/or specific cilia associated

proteins results in downregulation of gene

expression and end-product markers of osteo-

genic, chondrogenic and adipogenic differentia-

tion [24, 50, 98]. Further, evidence suggests that

culture under chemical induction towards osteo-

genic, chondrogenic and adipogenic lineages

confers differential cilia expression linked to

lineage specification. Cell morphology is a cur-

sory indicator for cell phenotype and there is

evidence that the primary cilium’s length and

orientation is in part modulated by cell shape

and thus cytoskeletal organization. McMurray

et al. [71] reported that when MSCs were

cultured on grooved substrates, MSCs tended to

orient along the direction of the grooves yielding

an elongated cell morphology as well as elon-

gated cilia which oriented with the long axis of

the cell. This study also reported modulations of

ciliary localized Wnt signaling in response to

changes in culture substrate architecture. Similar

observations have been reported on tenocytes in

rat extensor tendons, which orient their cell body

and cilia along the direction of the collagen

fibrils and the long axis of the tendon tissue

[35]. It follows that this principle likely extends

to other connective tissue cells with

mechanosensitive cilia, including tenocytes and

that cilia expression may be involved in healthy

and or disease tenocyte physiology. These data

taken together suggest that the mechanosen-

sitivity of primary cilia is, in part, indicative of

the physiological state of connective tissue cell

types and may also be involved in maintenance

of tenocytes and/or tendon tissue physiology

(Fig. 7.4).

Signaling in Tendon Development

The embryological origin of tendons is depen-

dent on their anatomical position: axial tendons

are derived from cells at the interface of the

sclerotome and myotome known as the

syndetome, limb tendons are derived from the

lateral plate mesoderm, and cranial tendons,

like other cranial mesenchyme, are neural crest

derived. These embryological origins were

clearly defined following the discovery of the

basic helix-loop-helix transcription factor

scleraxis (Scx), which is one of the earliest

markers that specifies tendon primordia

[91]. The progenitor cell populations that con-

tribute to the initiation and differentiation of

embryonic tendon are becoming clearer. Fate

mapping studies indicate that two distinct pro-

genitor pools exist at the time of tendon conden-

sation: one pool that gives rise to the

midsubstance and another pool that gives rise to

the enthesis (i.e., tendon-to-bone insertion site)

[22, 36, 90, 94]. While our understanding is not

complete, there are known signaling pathways

and transcription factors that regulate the specifi-

cation and differentiation of these progenitor

pools into their respective regions.

Around the time of condensation, the progen-

itor pool that gives rise to the enthesis expresses

both Scx and the SRY-related transcription factor

Sox9, while unlike the Scx-only population of

the midsubstance and Sox9-only population of

the underlying boney eminence [22]. Enthesis

cells can also be traced back to a Gli1 and Gdf5

origin unlike the tendon midsubstance

[36, 90]. Tight regulation of TGF-β and BMP
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Fig. 7.4 The detection of and response to external

mechanical stimuli (i.e., compression, tension, shear,

fluid flow) involves multiple pathways and signaling

mediators. A matrix-integrin-mechanosensory protein

complex-cytoskeleton machinery is linked to a kinase

cascade (tyrosine or nontyrosine kinase cascade or the

JACSTAT kinase cascade) system. A mechanosensory

protein complex contains talin, vinculin (Vinc), tensin,

paxillin (PAX), Src, and focal adhesion kinase (FAK). In

this model, a load deformation displaces matrix

molecules tethered to clustered integrins at focal

adhesions. The displacement is transduced to an integrin

(β), to an integrin-binding protein, and then to associated

proteins. Matrix-integrin-cytoskeletal interactions may

also involve actin, myosin (My), nebulin, titin, α-actinin,
filamin, palladin (PAL), tublin, and intermediate

filaments (IF). Activated extracellular signal-regulated

protein kinases (ERK) enter the nucleus and up-regulate

transcription factor expression (TFS, AP1, AP2, SSRE,

CREB, c-fos, c-myc,STAT, JNK) and activate nuclear

binding proteins, such as nuclear factor κB (NF-κB; P
for phosphorylation). Polycistin-1 (PC1) is co-localized

with the primary cilium and activated when the cilium is

deformed by fluid shear stress. The shear stress signal is

transferred from PC1 to polycistin-2 (PC2) and induces

the influx of calcium (Ca2þ) though PC2, which in

turn activates ryanodine receptors in the endoplasmic

reticulum (ER) to release Ca2þ, resulting in Ca2þ�

induced Ca2þ release. Changes in intracellular Ca2þ

through the release of intracellular Ca2þ stores from the

ER through or entry of extracellular Ca2þ through

channels such as the store-operated, stretch-activated,

mechanosensitive Ca2þ channels, and voltage indepen-

dent or dependent Ca2þ channels. The release of adeno-

sine triphosphate (ATP) and, at lower levels, uridine

triphosphate (UTP), following the activation of ionotropic

P2X and metabotropic, G protein-coupled P2Y receptors

in an autocrine/paracrine fashion. ATP acts on P2Y2

receptors, the primary ATP/UTP responsive receptor in

tenocytes, activating the Gαq-protein, driving phospholi-

pase C (PLC) and producing inositol trisphosphate (IP3)

and diacylglycerol (DAG). IP3 acts on IP3-sensitive Ca
2þ

channels in the ER to mobilize intracellular Ca2þ, and
DAG activates a protein kinase C (PKC) pathway. Acti-

vation of adenyl cyclase activity yields cyclic adenosine

monophosphate (cAMP), which stimulates cAMP-

dependent protein kinase A (PKA), which may act at

Raf in the kinase cascade. Initial action of ATP is

terminated quickly by membrane-bound ecto-NTPases

to its metabolites: ADP, AMP, and adenosine. Adenosine

activates G protein-coupled P1 receptors, activating stim-

ulatory (Gs) or inhibitory (Gi) signaling. Phosphoi-

nositide 3-kinase (PI3K) are activated by vascular

endothelial growth factor receptor (VEGFR2). Gap

junctions pass IP3, which propagates a Ca2þ wave from

cell to cell after a mechanical signal is detected. Connexin

hemichannels can pass ATP outside the cell. CAM, cell

adhesion molecule; DES, desmosome; PPi, pyrophos-

phate; AP-1, activator protein-1; AP-2, activator protein-

2; CREB, cAMP response element binding protein; MEK,

MAPK/ERK kinase; NO, nitric oxide; PKB, protein

kinase B; STAT, signal transducer and activator of tran-

scription; SHC, Src homology protein complex; Crk, Src

homology adaptor protein that binds paxillin and C3G;

GRB2, growth factor receptor binding adaptor protein

linking receptors to the Ras pathway through FAK and

SOS (Son of Sevenless), a guanine nucleotide exchange

factor; Ras, GTPase that regulates activation of Raf; IF,

intermediate filament; YAP/ TAZ, Yki transcription

co-activators; TEAD, transcription factor; PYK2, a

nonreceptor tyrosine kinase of the FAK family; PAK,

p21-actived kinase; SSRE, shear stress response element;

JNK, c-Jun N-terminal kinase; Hh, hedgehog; TRPV4,

transient receptor potential vanilloid 4 channel; COX

1, cyclooxygenase 1; COX 2, cyclooxygenase. (Used

with permission from Flexcell International Corp.)
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signaling within this region controls the specifi-

cation and differentiation of these progenitor

pools [18, 22, 23, 82]. TGF-β signaling is crucial

for the specification of the boney eminence and is

also critical for the formation and differentiation

of the tendon midsubstance [9, 22, 82]. BMP4

signaling also regulates the cartilage differentia-

tion of bone eminence progenitors [22, 23]. Fol-

lowing the initial specification and

differentiation of the enthesis progenitors, Hh

signaling becomes prominent (Fig. 7.4

[68, 90]). Overexpression of Hh signaling in

Scx-expressing progenitors yields production of

enthesis extracellular matrix components within

the midsubstance [68], suggesting that Hh signal-

ing is important in the maturation process from

enthesis progenitors to fibrocartilage cells. Hh

signaling also regulates the mineralization of

enthesis cells from unmineralized fibrochon-

drocytes to mineralized fibrochondrocytes

[26, 36, 90]. Conditional deletion of Hh signaling

in these cells leads to a severe reduction in

mineralized fibrocartilage production. Therefore,

Hh signaling is critical to the formation of the

mineralized fibrocartilage zone of the enthesis.

The specification of the midsubstance progen-

itor pool is regulated via TGF-β signaling as

removal of TGF-β signaling in limb mesenchyme

leads to complete loss of limb tendon formation

[82]. While the role of TGF-β signaling in the

later differentiation and maturation events is less

clear because a lack of inducible knockout

models, it is likely that TGF-β signaling

continues to play a prominent role because of

its function in collagen transcription. TGF-β sig-

naling has been shown to stimulate collagen

transcription in a variety of cell types including

tendon fibroblasts [19, 29, 66]. It stimulates the

expression of both Scx and the Mohawk (Mkx)

homeobox transcription factor, another factor

important in tenogenesis, via Smad3 interactions

[19]. In fact, Scx has known binding sites to both

Cola1 and Col1a2 promoters [10, 66]. Therefore,

TGF-β-mediated regulation of these transcription

factors likely plays a role in collagen transcrip-

tion during tendon development.

While the majority of in vivo cell signaling

data related to tenogenic differentiation has come

from embryological studies, less is known about

the cell signaling events that regulate cell turn-

over during growth and tissue maintenance. In

order to better understand the signaling events

that regulate tenocyte turnover during these

periods, in vivo models are needed as

maintaining cell phenotype within in vitro

systems is difficult [64]. While recent studies

indicate that resident progenitors exist within

tendon tissue and these cells can be isolated,

expanded in culture, and display in vitro

multipotent potential [20, 76], fewer studies

have demonstrated expansion and differentiation

of resident progenitors in an in vivo system.

Using an alpha smooth muscle actin Cre reporter

system (αSMA-CreERT2; R26R-tdTomato),

Dyment et al. [37] demonstrated that

SMA-labeled cells within the paratenon and/or

perivasculature contribute to ScxGFPþ cells dur-

ing tendon healing. This model system also

labels a proliferative internal population within

growing tendon [37] that may be a resident pro-

genitor population. In vivo fate mapping models

such as these are needed to characterize resident

progenitor populations as they give rise to mature

tenocytes. Unfortunately, improved markers are

needed to better classify cells as they progress

through the lineage. Hopefully with improved

transgenic models and sensitive techniques such

as single cell analyses, the markers that define

cells at multiple stages of the lineage and the

signaling pathways that regulate this process

will be elucidated in the not so distant future.

Inflammation and Response to Injury

Inflammation in response to injury is complex,

which is no less true in the tendon than in any

other tissue (see Chap. 20). Tenocytes show an

expected variety of reactions to inflammatory

signals typically associated with the activation of

resident immune cells and the recruitment of

inflammatory cells. However, inflammation in

tendon is complicated by the fact that injuries

often take the form of mechanical injuries to the

extracellular matrix. Therefore, the inflammatory
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response in tendon is likely integrated into a

mechanosensing apparatus capable of detecting

injurious mechanical forces. This field of study

is underrepresented in the literature [77], but stud-

ies have elucidated some of the major players in

the system (Fig. 7.5).

Tenocytes in isolated tendons exposed to

forces capable of producing overt

microstructural damage expressed IL-1β and

MMP-13. Results of IL-1β siRNA transfection

experiments demonstrated that MMP-13 expres-

sion was at least partially dependent on expres-

sion with IL-1β, suggesting an autocrine/

paracrine role for IL-1β in tendon [95]. In a

separate study, in an ex-vivo bovine model,

stretch induced a coordinated pro-inflammatory

response across multiple classes of distinct, yet

unidentified, cells in tendon. Upon a stretch chal-

lenge, the matrix degrading enzymes MMP-1

and C1,2C were found expressed by putative

tenocytes near microtears. At the same time,

immunohistochemical analysis revealed two sep-

arate unidentified cell populations located near

damaged tissue expressed IL-6 or COX-2

[93]. These mediators have the potential to not

only initiate an inflammatory response, but also

have the capacity to initiate tendon repair. IL-6

was required for tendon repair in a knockout

mouse model [67], and PGE2, a product of the

COX-2 arachidonic acid pathway, increased ten-

don strength in a rat treatment model [43].

Part of the link between IL-1β and the observed
downstream inflammatory effects may be TNF-α.
TNF-α has an array of effects on tenocytes in cul-

ture including blocking the production of

collagen I, stimulating the production of MMP-1,

and (in conjunction with IL-6) causing the produc-

tion of immunoregulatory IL-10 [53]. Increased

matrix metalloprotease expression combined with

reduced collagen expression may promote inflam-

matory infiltration of an injured tissue. Coordinated

activity of IL-10 and IL-6 in an inflammatory envi-

ronment can potentially suppress runaway inflam-

matory responses due to matrix damage caused by

infiltrating inflammatory cells. Continued suppres-

sion, possibly combined with an influx of T-cells

due to IL-15 production (see Table 7.1), can poten-

tially lead to chronic tendon injury observations,

such as expression of insulin like growth factor

and suppressors of cytokine signaling [3], and even-

tually lead to repair responses [52].

Taken together, these findings describe an

initiation of inflammatory debridement of injured

tissue, complete with regulatory steps that can

suppress damage-induced inflammatory insult in

response to TNF-α. However, although some of

the downstream inflammatory actors have been

identified and associated with IL-1β, the link

between IL-1β production and TNF-α production

in tendon is not well understood. As part of an

effort to dissect this link in tendon, our lab exposed

primary human tenocytes in culture to IL-1β and

performed microarray analysis. GO analysis [38]

Fig. 7.5 Stretch induces tenocytes to produce interleu-

kin-1β (IL-1β) and matrix metalloproteinase-13

(MMP-13). IL-1β can act in an autocrine and paracrine

fashion to generate repair signals (such as fibroblast

growth factor-2 (FGF-2)), matrix remodeling effectors

(such as MMP-25) and inflammatory signals (such as

chemokine (C-C motif) ligand 2 (CCL2)). CCL2 can act

on tissue resident monocytes to induce differentiation and

production of inflammatory cytokines such as IL-6 and

tumor necrosis factor-α (TNF-α). TNF-α can then act on

tenocytes to inhibit collagen deposition and release matrix

remodeling enzymes, promoting inflammatory debride-

ment of the injured area. TNF-α and IL-6 can induce the

production of IL-10 [2], which can initiate a negative

feedback loop, suppressing the damaged induced inflam-

matory response

7 Cell Signaling in Tenocytes. . . 89



indicated strong enrichment for cytokine-mediated

signaling pathways (GO:0019221, p ¼ 2 � 10�6),

positive regulation of cytokine production

(GO:0001819, p ¼ 6 � 10�5), and inflammatory

responses (GO:0006954, p ¼ 6 � 10�6).

An array of inflammatory signals were

up-regulated in human tenocytes isolated the

flexor carpi radialis (Table 7.1), showing that

autocrine/paracrine IL-1β signaling can lead to

the production of a powerful inflammatory

cocktail. Concurrently, the increased production

of genes associated with remodeling can allow

for the infiltration of inflammatory cells and pro-

mote enzymatic degradation of damaged matrix

following injury. TGF-β3 expression was

reduced more than sevenfold after IL-1β stimu-

lation, which would reduce the production and

deposition of collagen I and III [58]. Expression

of secreted (PLA2G3) and cytosolic (PLA2G4)

phospholipases supports the role of COX-2 and

Table 7.1 Primary human tenocytes isolated from three human flexor carpi radialis tendons were exposed to 100 pM

interleukin-1b for 24 h in vitro

Gene

Fold

increase Function

Inflammation

CCL2 6.5 Chemotactic factor for monocytes and basophils

IL1β 6.0 Activated by caspase 1. Wide array of activities including proliferation and

differentiation.

CXCL3 5.5 Chemokine for neutrophils

CCL7 5.4 Chemokine for macrophages.

CCL8 5.3 Chemokine for multiple inflammatory cells

IFNA8 4.5 Interferon in the TGFβ pathway.

TSLP 4.1 Induces monocyte-mediated recruitment of T-cells

BCL2A1 4.0 Inhibits release of cytochrome c. Apoptosis-protective

BDKRB1 3.8 Receptor. Responds to inflammatory responses to tissue damage

VNN2 3.1 Promotes neutrophils migration

CXCL10 2.9 Chemokine for monocytes. Promotes cell adhesion.

TNFRSF11β 2.9 Decoy receptor. Blocks bone resorption

IL15 2.5 T-cell regulator. Promotes survival via BCL2

Proliferation & Repair

EREG 5.1 Epiregulin. Ligand for epidermal growth factor receptor.

TNFAIP6 5.1 Matric binding factor that promotes matrix stability

LAMA4 4.2 Laminin 4, matrix protein

FGF2 3.6 Fibroblast mitogenic factor. Promotes migration and proliferation.

PLK2 3.0 Important in proliferation

CDK6 2.8 Allows G1 progression

PLA2G3 2.8 Secreted phospholipase. Generates arachidonic acid.

LOXL4 2.5 Metabolic enzyme essential in matrix crosslinking

LAMA3 2.1 Laminin 3, matrix protein

PLA2G4 2.0 Cytosolic phospholipase. Generates arachidonic acid.

Remodeling

HABP2 3.8 Serine protease that cleaves fibrinogen. Binds to matrix and is involved in adhesion.

NINJ1 3.5 Adhesion molecule. Role in wound healing.

ADAM11 3.3 Promotes cell-cell-matrix interactions. Important in tissue repair and development

MMP25 2.8 Metalloprotease. Promotes inflammatory cell invasion of tissue

SOST 2.7 BMP antagonist

CD47 2.3 Cell adhesion signaling molecule

COL17A1 2.2 Hemidesmosome component

RNA was collected and analyzed by Agilent RNA array. Key upregulated genes associated with inflammation,

remodeling, and proliferation and repair are shown.
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PGE2 in tendon repair. Expression of matrix

laminin and growth factors (such as EREG and

FGF-2) rounds out the beginnings of a set of

controlled signaling sequences leading from

inflammation to resolution to repair.

Conclusion

Further research revealing how tenocytes, in vitro

and in vivo, respond to strain and ligands in health

and disease will be revealed as the field focuses on

altered pathways discerned from array and

metabolomics data. For tendon biology, funda-

mental signaling pathways and well known

pathways in strain responses and inflammation

have been elucidated. Future work must reveal

pathways that can be manipulated to prevent

matrix degradation and even support functional

matrix replacement with muscle, bone and nerve

sparing strategies. Further studies are also needed

to better elucidate the role of tendon-derived stem

cells, a potential source for endogenous repair

[65], and the role these cells play in tendon devel-

opment, tendinopathy, rehabilitation as well as

mechanotransduction [20, 80, 106].
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Abstract

In recent years a number of methodological developments have improved

the opportunities to study human tendon. Microdialysis enables sampling

of interstitial fluid in the peritendon tissue, while sampling of human

tendon biopsies allows direct analysis of tendon tissue for gene- and

protein expression as well as protein synthesis rate. Further the 14C

bomb-pulse method has provided data on long-term tissue turnover in

human tendon. Non-invasive techniques allow measurement of tendon

metabolism (positron emission tomography (PET)), tendon morphology

(magnetic resonance imaging (MRI)), and tendon mechanical properties

(ultrasonography combined with force measurement during movement).

Finally, 3D cell cultures of human tendon cells provide the opportunity to

investigate cell-matrix interactions in response to various interventions.
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Abbreviations

Asp Aspartate

CSA Cross-sectional area

FGD Fluorodeoxyglucose

MMP Matrix metallo proteinase

MRI Magnetic resonance imaging

PET Positron emission tomography

PINP Pro-collagen I N-terminal peptide

PICP Pro-collagen I C-terminal peptide

ICTP Human C-telopeptide of type I collagen

UTC Ultrasound Tissue Characterization

Introduction

Until recently much of what was known about

tendon physiology and homeostasis has largely

been based on animal studies. Clearly such

models allow for a well controlled and substan-

tial tissue sampling and testing, as well as for

marked potential manipulations (e.g. genetic)

and perturbations (e.g. mechanical and chemical

damage). Several important proteins for the ten-

don structure have been identified (e.g. decorin,

collagen type V or XI) by using specific genetic

knock out mice where certain proteins were

lacking and where the tendon structure was

demonstrated to be markedly altered [1]. Using

such models have often the advantage of a repro-

ducible intervention often of marked nature, but

in the end will be dependent upon whether or not

the animal model reflects the human phenotype

and dynamics of adaptation. Only occasional

observations of human phenotypes that geneti-

cally are impaired in regards to certain proteins

(e.g. collagen type V) can demonstrate altered

tendon structure and tendon mechanical

properties [2], but its not possible to get human

models where genetic changes can be induced

acutely.

Using almost exclusively animal and in vitro

cell models, we have obtained – and can still

obtain – several important findings of relevance

for tendon metabolism and tissue mechanical

properties, but over the later years it has also

become clear that animal models of mechanical

loading or unloading do not adequately reflect

the tissue adaptation (or lack thereof) in human

tendon, nor does tendon overloading in animal

models in any satisfactory manner reflect the

pathological changes observed in clinical tendon

overuse (tendinopathy). Thus, we are currently

facing a dilemma in tendon research. Do we on

one side want to study changes in animal and

in vitro study models that allow for controlled

changes but do not reflect human phenotypical

events, or do we want the limitations that study

of human tendon in vivo confronts us with? With

regards to the latter, in the last two decades a

number of methodological developments have

provided the opportunity to examine the response

of human tendon cellular and tissue adaptation to

mechanical loading (Table 8.1). Herein we will

briefly outline the various methods available to

examine tendon in humans.

Estimation of Tendon Tissue
Metabolism and Tissue Turnover

Although tendons possess a relatively low meta-

bolic activity (see Chap. 2), physical loading of

tendon can demonstrate increased interstitial

Table 8.1 General overview of some methods that can

be used in assessing collagen synthesis and degradation in

tendon tissue, primarily human

Synthesis

mRNA collagen

Enzyme activity

Procollagen peptides (PICP, PINP)

(microdialysis)

Incorporation of amino/imino acids

(unstable or stable isotopes) (e.g. 13C-proline)

Bomb-pulse technique (14C in tissue)

Degradation

Protease activity (MMP)

Collagen degradation fragments (ICTP)

Stable isotope disappearance (D20)

Given the slow turnover of tendon tissue in general,

several methods have a limited use to detect small

changes in collagen turnover, and some are more directly

than others
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tissue concentrations of both carbohydrate (glu-

cose and lactate), lipid (free fatty acids) and

protein (urea) metabolism, either when deter-

mined with the use of semi-permeabel plastic

tubes placed either intratendinously (typical in

animals) [3] or peri-tendinously (typical in

humans) [4]. This technique is called

microdialysis and allows for passage of specific

molecules based on their size and weight across

the plastic membrane, and by sampling the fluid

from the plastic tubes, and controlling for the

exchange of the substance of interest (recovery)

it allows for estimation of interstitial tissue con-

centration of substances either within or in close

proximity of the tendon. Interestingly, this tech-

nique can also be used to sample collagen-related

proteins, as well as nociceptive or inflammatory

substances and can thus be informative of the

interplay between molecules in relation to tendon

tissue. Increased metabolic activity in human

tendon has also been demonstrated in relation to

acute exercise by using positron emission tomog-

raphy (PET) and injection of radiolabeled

fluorodeoxyglucose (18FGD), whereby local

radioactivity incorporation into the tissue was

larger when tissue was exercising [5].

Several methods exist for estimating the turn-

over of structural proteins (e.g. collagen and

other matrix proteins) in biological systems.

Many of these are quite indirect in nature, and

the most simple one is to determine enzyme

concentration or better activity of substances

involved in formation of the main target proteins

(e.g. P-4-H enzyme activity involved in collagen

formation) [6]. Similar to using the enzymes

involved in matrix protein formation – also the

enzymes involved in proteolytic activity of col-

lagen and other proteins of the tendon – the

matrix metallo proteinase (MMP’s) activity can

be determined in tendon tissue. This has been

used not only to demonstrate dynamic changes

with exercise, but also in relation to pathological

situations in relation to tendon (rupture or

tendinopathy) [7, 8].

Next in the line of methods used to determine

tissue protein turnover of tendon is the determi-

nation of mRNA of specific proteins

(e.g. pro-collagen type I) that reflects activation

of certain signaling pathways and is often

correlated with increased protein synthesis.

Clearly the ability of detecting an increase in

mRNA depends upon the timing of tissue sam-

pling after a certain perturbation as mRNAs are

transient in nature, and further it depends upon

the biochemical “need” for an increase, and often

sufficient amounts of mRNA is already present

for the relevant protein synthesis to take place.

To take it a step further from this approach, the

determination of protein concentration itself

(e.g. collagen content) will provide information

of the present situation in the tissue. However it

does not reveal any dynamics of proteins in the

tissue as not does reflect any turnover activity.

Using the before mentioned microdialysis tech-

nique, one can also get an indirect estimate of the

collagen turnover in relation to tendon. As

pro-collagen pro-peptides either at the C- or

N-terminal end of the molecule are cleaved off

during formation of collagen , microdialysis

sampling of these peptides from respective

procollagen types (e.g. PINP or PICP from

procollagen I) and subsequent determination of

the interstitial concentration of these substances

will provide an estimate of changes in collagen

synthesis [9]. Likewise, the degradation products

when collagen is broken down (e.g. ICTP) can

also be sampled with microdialysis and used as

an estimate for protein degradation.

A way to determine synthesis of collagen

(or other matrix proteins) includes administration

of labeled amino acids (either with radioactive-

or stable isotopes), to animals or humans. The

labeled amino acids can be traced in the tissue-

proteins, into which they are incorporated, and a

high level of incorporation will indicate a high

protein synthesis rate and indirectly a high turn-

over rate. In tendon tissue, early animal studies

investigating the incorporation of radioactively

marked amino acids showed almost no turnover

of tendon collagen in adult rats [10] and simi-

larly, a relatively slow collagen synthesis was

seen in rabbit cartilage [11]. Opposing this,

more recent studies on humans indicated a sur-

prisingly high collagen turnover in tendon tissue

with levels corresponding to the turnover of mus-

cle contractile protein (0.045 % /h)
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[12, 13]. However, the measure of short-term

incorporation of labeled amino acids suffers

from the complication that it registers synthesis

of all new collagen even though this newly

synthesized collagen may often be rapidly

degraded, and thus never incorporated into the

tissue [14]. In addition, one of the limitations by

using this method in human tendon tissue is the

need for tissue sampling, and it has been

attempted to use a more tissue-wise non-invasive

method and to detect the positron emission

tomography (PET) after injection of short term

radio-labeled proline. So far when used in animal

models the short lived isotope could not detect

any increased dynamics of proline in tendon tis-

sue after exercise, but could in combination with

direct determination of incorporated proline into

collagen demonstrate that approximately 20 %

of the proline taken up in the tissue was

incorporated into tendon tissue [15]. Whether

this methodology can be developed further for

human studies is yet to be shown. In regards to

collagen breakdown in tendon tissue of humans,

a new attempt has been used, by providing oral

deuterium (“heavy water”, D2O) over a period of

weeks to humans. When stopping the ingestion

of this, the decay of tissue content of this sub-

stance will estimate the decay and thus break-

down for specific proteins in the tissue [16].

A method of determining protein age is to

detect levels of conversion of the amino acid

aspartate from the L-isomer (L-Asp) to the

D-isomer (D-Asp). This process, called racemi-

zation, happens over time and thus, old proteins

will have higher levels of D-Asp than newly

synthesized proteins. One study that employed

this method on horse tendon indicated a turnover

of tendon collagen of 0.25 %/year – equivalent

to a half life of almost 200 years [17], which is a

clear contradiction to the results obtained with

amino acid tracers in humans [12, 13]. The race-

mization measure has also been used in cartilage

and these studies support at slow turnover of

cartilage collagen, compared to other tissues,

with half-lives of 100–400 years [18, 19]. Unfor-

tunately, the rate of racemization depends on

several factors, including the amino acid

sequence of the protein, the pH and not least

the temperature, which has a very high impact

on the degree of conversion from L-asp to D-asp

(a 4 �C increase doubles the rate of racemization)

[17]. Because of this, racemization may be a

good measure if identical proteins in identical

environments are compared but lacks accuracy

if these parameters vary.

The Carbon-14 bomb-pulse method is a

unique method that can accurately determine

life-long tissue replacement rates. We have

recently taken advantage of this method to

solve the controversy of tendon tissue turnover

rates (described above) and found that at least the

core of the Achilles tendon in adult humans is

essentially inert [20]. This method takes advan-

tage of the dramatic increase in atmospheric 14C

levels peaking in 1963, due to testing of nuclear

bombs in the 1960s and the subsequent exponen-

tial decline after the testing of nuclear bombs was

stopped (Fig. 8.1). This dramatic change of the

atmospheric 14C is called the “bomb pulse”.

Organisms that have lived through this pulse

will have incorporated corresponding amounts of
14C in their tissues, since all living organisms

incorporate 14C from the atmospheric CO2 and

equilibrium exists between levels of 14C in the

atmosphere and in the organism (Fig. 8.1).

Most tissues in living organisms are gradually

replaced over weeks or months and will have a

content of 14C corresponding to the current level

in the atmosphere [21] (the half life of 14C is

5730 years, and thus radioactive decay of the

isotope is unimportant in this context). However,
if one imagines a tissue or tissue component that

is not turned over after the initial formation, this

tissue/component will contain a level of 14C

corresponding to the amount that was present in

the atmosphere when the tissue was formed. In

other words the changes over time in 14C caused

by the bomb pulse can be utilized for determin-

ing the turnover of tissue from organisms borne

in the years spanning the bomb-pulse [22]. The

method of 14C bomb pulse gives a unique possi-

bility to get a better understanding of the slow

turnover tissues such as tendon and cartilage, and

has already proved important in bringing tendon

research an important step forward [20]. The

advantages of the bomb pulse method are that:
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(1) The “labeling” of tissue with 14C starts from

the very beginning embryogenesis, and thus, the

turnover of tissue over an entire life-span can be

estimated (in contrast to the acute measures of

incorporation of stable/radioactive isotopes

discussed above). (2) This long-term labeling

overcomes the problem of acute changes in col-

lagen synthesis – with possible subsequent fast

breakdown. (3) The incorporation of 14C is not

influenced by parameters such as temperature,

pH and amino acid sequence as is the case for

the racemization of aspartate (discussed above).

Naturally, the use of this method will be limited

to the next few decades since 14C levels have

now almost returned to “pre-bomb” levels, and

only organisms born before ca. 1975 are relevant

for analyses of tissue turnover.

The successful use of the 14C bomb-pulse to

determine turnover of connective tissue in

humans opens up a large range of opportunities

for further studies that can substantially increase

our basic knowledge of these tissues that play an

essential role in human movement.

Cell Models

The use of tendon cells to study in isolated

cultures and allowing these to form tendon

constructs, either in 2D or 3D has been widely

evaluated, and lately succesful formation of 3D

tendon constructs from human tendon cells has

been used [23–25]. The cell models in relation to

tendon have been very informative in regards to

testing cell communication and cell activity

when stimulated by potential hormonal growth

factors [26]. Further, the stimulation of tendon

constructs with mechanical loading or the oppo-

site namely de-tensioning has demonstrated what

mechanical factors are very important for tendon

cell signaling [27, 28]. The drawback in using

cell models clearly are that the cells are taken

completely out of their regular environment and

may respond very different than when studied

in vivo (see Chap. 7).

Size of the Whole Human Tendon,
in vivo

Both strength training and habitual loading of

tendons appear to be associated with an increase

in tendon size [29–33], suggesting that the

responses to elevated loading results in a net

increase of tendon tissue. Studies that have

reported increased tendon cross-sectional area

(CSA) were all measured by magnetic reso-

nance imaging (MRI). Because of its high reso-

lution, and seemingly good contrast between

different tissues compared to other available
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Fig. 8.1 “The bomb

pulse”, levels of 14C in the

atmosphere since 1945

(pmC ¼ percent modern

Carbon). The solid line

indicates how a certain

amount of 14C may be used

for dating (two possible

dates)
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imaging modalities, including ultrasound, it is

the preferable assessment tool to detect modest

changes in tendon CSA [34]. But until recently

it is unknown how well the contrast in the image

corresponds with the actual borders of the ten-

don and thereby whether MRI measurements

may under or overestimate tendon CSA. It has

been shown that an underestimation of 2.8 % of

the CSA can be expected using 3.0 Tesla MRI

compared to the direct measurements from a

mold, indicating that using this optimized

CSA measuring procedure the contrast of MRI

is largely able to represent the tissue uniquely.

By comparison, measurements on the gray

scale images resulted in significant greater

underestimation of tendon CSA. The reason

for this underestimation is likely that the high

intensity signal of the surrounding tissue

overlaps the low intensity of the tendon. Using

a higher contrast with 3.0 Tesla enables the

examiner to better trace the outline of the

tendon, and thereby reduce the error of measur-

ing tendon CSA in vivo [34]. In this way the

typical error percent of measures between

2 examiners can below 2 %. Thus, with a well

defined protocol it is possible to detect those

modest changes (5–6 %) that can be expted to

accompany short-term resistance training

interventions.

Ultrasonography has emerged as an attrac-

tive alternative to the more costly and time-

consuming MRI in order to determination of

tendon CSA. However, the reproducibility is

highly questionable [35], and therefore MRI

continues to be a far better approach to accu-

rately assess CSA of tendon. Moreover, a

recent and novel ultrasonography technique,

called Ultrasound Tissue Characterization

(UTC) has emerged a popular clinical tool.

It semi-quantifies the echo information from

the tendon into four echo types that have been

suggested to relate to various stages in tendon

pathology [36]. However, to date there is no

firm data to confirm the validity of this

technique.

Mechanical Properties of Whole
Human Tendon in vivo

Measurements of mechanical properties of ten-

don in vitro have been performed for more than

70 years [37]. However, relatively recent

advances in imaging techniques such as ultraso-

nography has enabled the examination of human

tendon tissues under physiological conditions

in vivo [38]. This technique, based on B-mode

ultrasonography, enable the estimation of

tendon-aponeurosis mechanical properties by

combining force and the corresponding tissue

deformation. These techniques normally apply

load via voluntary muscle contraction and deter-

mine the magnitude of the applied load by exter-

nally measuring the generated joint moments on

the limb in question. Tendon tissue deformation

is measured using a non-invasive ultrasound. In

addition to providing the proper living physio-

logical environment, testing in vivo also

overcomes the gripping issues encountered

in vitro, however, although other difficulties are

introduced. First, it is of course impossible to

perform tests to failure, which limits the mechan-

ical parameters that can be determined. Further-

more, the force on the tendon is back-calculated

from external moments and there can be some

uncertainty in determining the relevant moment

arms across which the tendon acts [39]. In addi-

tion, the external moment may not be generated

solely through the tendon in question and ago-

nist/antagonist co-activation may have to be

accounted for [40]. With respect to deformation,

ultrasound produces a 2D image and the

measured deformation can therefore be affected

by out-of-plane motion. Measurement of defor-

mation requires tracking of anatomical

landmarks such as the insertions into muscle

and bone, but for long tendons it may not be

possible to image both ends of the tendon simul-

taneously [41]. For this reason, the motion of just

the muscle insertion is sometimes measured,

while assuming that the bone insertion remains

fixed during isometric contractions, however,
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this assumption may not be valid [42]. A com-

prehensive outline of technical challenges with

the technique are outlined in a recent review

[43]. Taken together, the methodological

challenges in determining human tendon

properties in vivo, the determination of patella

tendon characteristics is at this stage far better

that for Achilles tendon or other tendon types.

A fairly new tracking method called speckle

tracking makes use of ultrasound contrast in the

form of bright dots within the tendon. This may

be a better way of assessing tendon strains with-

out the need for anatomical landmarks, and in

addition, speckle tracking enables local strain

measures within the tendon [44, 45].

Mechanical Properties of Human
Tendon Fascicles

If tendon tissue can be obtained during surgery,

then it is possible to measure the mechancial

properties of isolated fascicles in a tensile testing

apparatus in which the isolated tissue can be

gripped and placed under controlled load and

deformation [46–49]. Within such a setup there

are a number of factors that may influence the

measured properties. One primary concern is the

gripping where slippage, damage and stress con-

centration may occur (i.e. end-effects), leading to

overestimates of deformation and underestimates

of strength and stiffness [50]. These effects are

exacerbated with shorter and thicker test

specimens [51, 52]. Different gripping methods

have been attempted with varying success, but

even the best cannot entirely avoid these issues

[53]. To further alleviate end-effects and to sep-

arate region-specific strains, local strain gauges

(often optical) can be applied to the tendon

[54, 55]. This can either be to specifically deter-

mine mechanical response at different structural

levels [56, 57], to do tests where whole tissues

are unavailable (biopsies) [58], to enable multi-

ple experiments on the same tendon [59] or to

obtain samples with greater aspect ratio in order

to minimize end-effects. It is also possible to go

even further down in scale to make

measurements on individual collagen fibrils and

molecules using different techniques such as

atomic force microscopy, optical tweezers or

custom made systems [60–62]. Such experiments

can be technically demanding and are only just

beginning to be applied to clinical questions

[63]. Measuring mechanical properties at smaller

scales has the potential to reveal underlying

mechanistic relationships and filter out some of

the structural and compositional complexity at

the higher levels of hierarchy [46].

Conclusion

Taken together, several methods do exist to study

molecular, biochemical, physiological and bio-

mechanical adaptation of tendon tissue to either

improved or decreased amounts of mechanical

loading. We have today much better tools to

assess tendon metabolism and structural changes,

and many of these techniques have provided new

insight into tendon adaptive behavior. However,

they also have limitations in regards to accuracy,

reproducibility and relevance in relation to “real

life” tendon behavior in the living human.
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Towards an Understanding
of the Genetics of Tendinopathy 9
Alison September, Masouda Rahim, and Malcolm Collins

Abstract

To date, more than 18 genomic intervals, which underpin the complex

myriad of extracellular matrix interactions of tendons, have been implicated

in risk models for tendinopathy. It is these relationships that most likely

regulate the tissue’s response to loading and unloading, thereby dictating

the overall capacity of tendons and influencing injury susceptibility. The

evidence suggesting a genetic contribution to the susceptibility of sustain-

ing a tendon injury is growing. However, only a few of the loci have been

repeated in independent studies, of which some have included a range of

musculoskeletal soft tissues injuries. Case-control study designs can be

effective in capturing risk, provided that the cases and controls are equally

well-defined and carefully considered. The genome consists of 3.6 � 109

sequences and therefore we realise that we are far from decoding all the

genomic signatures. We are indeed fortunate to be living in such exciting

times where high-throughput technologies are at our disposal. Through

collaboration, our chances of harnessing these “omics” technologies to

further our clinical understanding of tendinopathy will increase.

Introduction

We are living in the era where “precision medi-
cine” is becoming a large focus underpinning

research. We are faced with the challenge of

(i) making a differential diagnosis and prognosis

and (ii) the design and prescription of

personalised treatment and therapeutic strategies

to fit the clinical disease/injury/risk profile. The

technologies of the omics era has promised to

assist us and to this end revolutionised our capac-

ity to interrogate these complex phenotypes. We

are experiencing an unparalleled wave of huge

data collection at the genomics, proteomics,

transcriptomics and epigenomics levels and

bioinformaticians are currently challenged with

the collective synthesis of this information into

both biological and clinical significance.
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This high throughput scale of genomics has, as

yet, not filtrated into the research of tendinopathies;

however, we predict that this scenario will change.

Evidence suggesting a genetic component to risk of

tendinopathy injuries is mounting and to date more

than 30 genetic loci have been described in the

literature (Fig. 9.1). This chapter will summarise

the genetic loci implicated and describe some of

the proposed biological mechanisms underpinning

these associations.

Fig. 9.1 Genes encoding extracellular matrix (ECM)

proteins implicated with susceptibility to tendinopathies

The ECM components fall within several main categories,

as depicted in the inner ring, namely: structural

components, proteoglycans, matrix proteases, apoptosis

factors and cytokines & signalling factors. The implicated

genes, along with the accession numbers for the

associated polymorphisms, are shown in the two outer-

most rings. The proteins encoded by the implicated genes

include: [BGN: biglycan, CASP8: caspase 8, COL5A1:

α1 (V) collagen chain, COL11A1: α1 (XI) collagen chain,
COL11A2: α2 (XI) collagen chain, COL27A1: α1
(XXVII) collagen chain, FBN2: fibrillin-2, GDF5: growth
differentiation factor 5, IL-1B: interleukin-1β, IL-1RN:
interleukin-1 receptor antagonist, IL-6: interleukin-6, IL-
6R: interleukin-6 receptor, MIR608: microRNA 608,

MMP1: matrix metalloproteinase 1, MMP3: matrix

metalloproteinase 3, MMP8: matrix metalloproteinase 8,

TIMP2: tissue inhibitor of metalloproteinase 2 and TNC:
tenascin-C glycoprotein]
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The implicated genes (Fig. 9.1) encode a vari-

ety of proteins ranging from structural

components of tendons such as the collagens

and glycoproteins to regulators of the extracellu-

lar matrix (ECM) and include proteoglycans,

matrix metalloproteases, tissue inhibitors of

matrix metalloproteases, cytokines, growth

factors and caspases to mention a few (see

Chap. 1). Although each of these proteins have

their own unique function, they also function as a

collective with the overarching aim to maintain

ECM integrity. It is therefore not surprising that

in some instances individual genetic loci have

been implicated in a risk profile whilst in other

instances a combination of genetic loci, encoding

proteins functioning in a common biological

pathway, have been implicated in a risk model

[1–5].

Structural Components

To date, variants within four collagen encoding

genes (COL5A1, COL11A1, COL11A2 and

COL27A1) have been implicated in risk models

of Achilles tendinopathy (AT) either indepen-

dently or as part of a haplotype. A haplotype is

the combination of a set of alleles which are

inherited together and represent a specific region

on a chromosome. Of particular interest is the

COL5A1 3’-UTR region for which several

variants (rs12722 T/C, rs71746744 -/AGGG,

rs16399 -/ATCT, rs1134170 A/T), including sin-

gle nucleotide polymorphisms (SNPs), were

found to be implicated with altered risk of

chronic Achilles tendinopathy in individuals

from South Africa and Australia; independently

and as part of a haplotype [1, 6–8]. Interestingly,

some of these variants and additional variants,

rs13946 T/C and rs14776422/rs5574880 W/M,

have also been implicated with altered risk of

carpal tunnel syndrome (CTS) [9].

The COL5A1 gene encodes the α1(V) chain of
type V collagen. Type V collagen is a minor

fibrillar collagen implicated in regulating the

collagen fibril diameter and its lateral growth

during fibrillogenesis. It has been suggested that

the COL5A1 3’-UTR implicated in these genetic

association studies, may harbour DNA signatures

which may either individually or collectively

alter the secondary structure of the mRNA

thereby potentially affecting the mRNA stability

of this gene [8]. Laguette et al., (2011) identified

two major COL5A1 3’-UTR functional forms

(namely the “C functional form” and the “T

functional form”) where the T functional form

was associated with an overall increase in mRNA

stability [8]. Further to support this hypothesis of

gene regulation within the COL5A1-3’UTR

region, Abrahams et al. (2013) identified the

MIR608 rs4919510 CC genotype to be associated

with an increased risk of AT [7]. The MIR608

gene encodes a 25 bp microRNA which binds to

the Hsa-miR-608 binding site in the COL5A1

3’-UTR. Collins and Posthumus et al. (2011)

hypothesised that altered COL5A1mRNA stabil-

ity results in altered type V collagen production

which in turn may alter the collagen fibril diame-

ter and density potentially affecting the bio-

mechanical properties of tendon [10].

Functional SNPs within the genes encoding

the α1(XI) and α2(XI) chains of type XI collagen
(COL11A1 rs3753841 T/C and rs1676486 C/T

and COL11A2 rs1799907 T/A) have been

implicated in a risk-associated allele combina-

tion with AT. More specifically, the T-C-T

inferred haplotype (rs3753841 T/C; rs1676486

C/T; rs17999079 T/A) was associated with an

increased risk of AT [11]. The authors further

observed that individuals diagnosed with AT

were more likely to have the inferred haplotype

T-C-T-(AGGG) for the COL11A1 rs3753841

T/C – COL11A1 rs1676486 C/T – COL11A2

rs1799907 T/A and COL5A1 rs71746744 -/

AGGG variants [11]. The cumulative biological

effect of this increased risk haplotype needs to be

explored. Interestingly, the encoded type XI col-

lagen shares structural and functional homology

with type V collagen and also plays an important

role in collagen fibril assembly in developing

tendons [12].

In a similar study by Saunders et al. (2013)

although no independent associations were

noted, the authors too highlighted a combination

of alleles for COL27A1 and its neighbouring

gene, TNC, to be associated with an increased
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risk profile for AT [2]. The COL27A1 variant

(rs946053 G/T), and the two proximal TNC

variants (rs13321 G/C and rs2104772 T/A) as

defined by the G-C-A inferred haplotype

implicated a critical region on chromosome

9q33 to be associated with an increased risk of

AT in both a South African and an Australian

group [2]. COL27A1 encodes the α1(XXVII)
chain of type XXVII collagen, an atypical fibril-

lar collagen predominantly expressed in carti-

lage. The TNC gene encodes for the tenascin-C

glycoprotein, a component of tendons implicated

in regulating cell-matrix interactions.

Fibrillin-2, encoded by the FBN2 gene, is a

component of connective tissue microfibrils and

the rs331079 GG genotype and G allele were

noted to be significantly over-represented within

the AT group in comparison to the control

group [13].

Structurally, tendon composition varies along

the length of the tendon to accommodate the

functional differences of the tissue. Accordingly,

the distribution of ECM components also varies

and is linked to biological function. Tenocytes,

interspersed between collagen fibres, are able to

respond to mechanical and biological stimuli by

synthesizing ECM components to enable matrix

remodelling in an attempt to adapt and/or heal

[14]. Thus, tendon structural integrity is

regulated by other ECM components, such as

proteoglycans, growth factors and proteases,

which collectively work to maintain matrix

homeostasis. Several genetic polymorphisms

within genes encoding ECM regulators have

been studied and are discussed below.

Regulators of the Extracellular Matrix

Proteoglycans

Proteoglycans form part of the ground substance

and give it its characteristic gel-like appearance,

facilitating resistance to compressive forces (see

Chap. 1). They facilitate matrix-matrix

interactions, cell-matrix organisation and cell-

matrix signalling interactions and hereby con-

tribute to the structural and functional integrity

of the tendon [15, 16]. To date, a variant in the

biglycan encoding gene, the BGN rs1126499 CC

genotype was specifically implicated in

decreased risk of CTS [17]. The BGN gene, on

chromosome Xq28, plays a role in collagen

fibrillogenesis and the regulation of bone forma-

tion [16]. Recent evidence has shown that this

ubiquitously expressed small leucine-rich pro-

teoglycan may also function as a signalling

molecule [16].

Matrix Proteases

The 11q22 chromosomal locus harbours a cluster

of matrix metalloproteinase (MMP) encoding

genes which have been implicated in risk models

for tendinopathy related conditions; specifically

variants within MMP1, MMP3 and MMP8.

MMPs are zinc-dependent endopeptidases that

play key roles in ECM degradation after mechan-

ical loading, facilitating the direct or indirect

synthesis of ECM components, cell proliferation

and differentiation thereby allowing the mainte-

nance of the ECM [18]. They are able to degrade

a range of substances including collagenous and

non-collagenous matrix components

[19]. Altered MMP expression profiles were pre-

viously noted in both tendinopathic and ruptured

tendons [20, 21].

Raleigh et al. (2009) noted that the MMP3

genotypes: rs679620 GG, rs591058 CC and

rs650108 AA were significantly over-

represented in the control group [3]. Moreover,

the alternate alleles, as noted in the inferred A-T-

G haplotype, was associated with increased risk

of AT. Their analyses further suggested that there

is a combined effect between variants MMP-3

rs679620 and COL5A1 rs12722 on risk of AT

(A-C inferred haplotype associated with

decreased risk and the G-T inferred haplotype

associated with increased risk) [3]. MMP-3,

stromelysin 1, degrades several ECM

components such as collagen types (II, III, IV,

IX and X), proteoglycans, fibronectin, elastin and

laminin [18].

Variants within MMP1 and MMP8 have been

implicated with posterior tibialis tendon

112 A. September et al.

http://dx.doi.org/10.1007/978-3-319-33943-6_1


dysfunction (PTT) [22–24]. Both the TT geno-

type and T allele of the functional MMP-8 -

(collagenase-2) rs11225395 variant were

implicated with increased risk [24]. Two func-

tional promoter polymorphisms within MMP-1

were similarly associated with increased risk of

PTT independently and as a collective haplotype.

Specifically the risk alleles included the G allele

of rs1144393 A/G and the functional 2G allele of

rs1799750 1G/2G, and the A-2G and G-2G risk

haplotypes of rs1144393 and rs1799750 [23].

MMP activity is regulated by the tissue

inhibitors of metalloproteinases (TIMP) and

therefore it is not surprising to note that the

promotor polymorphism, TIMP-2 rs4789932

C/T was implicated in a risk model for Achilles

tendon pathology (ATP) in a combined Cauca-

sian cohort [25]. Specifically, the CC genotype

was significantly over-represented in the controls

and the CT genotype was significantly over-

represented in the ATP group [25]. TIMPs con-

tribute to matrix turnover in tendon [18].

Cytokines and Signalling Factors

Tendons are dynamic structures that have the

unique ability to withstand forces up to ten

times an individual’s body weight. Thus, it is

reasonable to propose that the ECM of these

structures are under great pressure to continu-

ously remodel in response to the various loads.

It is therefore critical that the synthesis and deg-

radation of the ECM components needs to be

highly regulated. There are a myriad of

interactions, which regulate ECM homeostasis

at both the cellular (tenocytes) and molecular

levels. To date, there is growing evidence to

suggest that tenocytes, inflammatory gene

expression profiles, cytokines, growth factors

and signalling factors individually or collectively

contribute to several processes, which include

mediating matrix turnover, inflammation,

wound healing, angiogenesis, hypoxia and pain

perception amongst others [26]. All these pro-

cesses facilitate effective response to load/forces

as experienced by tendon.

The interleukins play key roles in cell signal-

ling pathways, upregulating several critical

downstream cascades as well as having key

roles in inflammation. September et al. (2011)

conducted pathway based case–control genetic

association analyses and implicated variants

within three interleukin encoding genes together

with the COL5A1 rs12772 polymorphism as part

of a risk profile for AT [4]. The inferred allele

combination included the genes encoding inter-

leukin-1β (IL-1B: rs16944 T/C and rs1143627

C/T), interleukin-1 receptor antagonist (IL-1RN:
rs2234663 86-bp VNTR) and interleukin-6 (IL-6:

rs1800795 G/C) [4]. IL-1β together with IL-6,

collectively upregulate several downstream bio-

chemical mediators such as COX-2, PGE2,

TGF-β and several MMPs [27–29]. More

recently, a SNP within the IL-6 receptor,

encoded by the IL-6R gene (rs2228145 A/C)

was implicated with increased risk of CTS

[30]. Further analyses by the authors also

implicated a combined risk profile between the

IL-6R rs2228145 and COL5A1 rs12722 and BGN

rs1276499 variants with risk of CTS [17, 30].

A case-control genetic association study by

Posthumus et al. (2010) reported the association

of a functional polymorphism within the gene

encoding growth differentiation factor 5 (GDF-

5 rs143383 C > T) with AT; the TT genotype

was associated with risk [5]. Growth differentia-

tion factor 5 (GDF-5), a member of the TGF-β
superfamily, plays a role in regulating cell

growth and differentiation. [31, 32].

Receiver operating curve analyses (ROC) has

further suggested that in considering all the

above risk-implicated polymorphisms described

within the pro-inflammatory pathway, it is most

likely the two functional variants (rs3834129

ins/del and rs1045485 G/C) within the caspase-

8 encoding gene (CASP-8) together with sex,

which are best at discriminating risk for AT

[33]. These findings further support the hypothe-

sis that apoptosis is an important biological path-

way to be considered when trying to understand

the mechanisms underlying AT. It has previously

been suggested that excessive apoptosis can

potentially weaken the collagenous structure of

9 Towards an Understanding of the Genetics of Tendinopathy 113



tendon [34]. The initiator caspase-8, upregulated

by IL-6, is responsible for the activation of

caspase 3, an effector caspase that triggers the

apoptosis cascade.

Saunders et al. (2015) recently considered

20 factors which included polymorphisms within

genes (i) encoding structural components

(COL3A1, COL5A1, COL5A2, COL5A3,

COL27A1 and TNC) and pro-inflammatory

regulators (IL-1B, IL-6 and CASP8) of tendon

in an attempt to identify a finite set of informa-

tive biomarkers to inform a risk model for AT

[35]. They highlighted two risk models from the

logistic regression and ROC analyses. Model A

included variables: sex, COL27A1 rs1249744,

COL5A1 rs12722, and COL5A3 rs1559186 and

Model B included the variables: sex, three

COL27A1 variants (rs4143245, rs1249744,

rs946053), COL5A1 rs12722, and both CASP8

variants (rs1045485, rs3834129). The authors

proposed that Model B was more effective than

Model A in predicting risk, with a sensitivity of

70 % and specificity of 64 %. It does seem that

the more variables included in the risk assess-

ment model, the more effective it becomes in

assigning risk. Furthermore, the inclusion of

cell signaling markers and structural components

in both models highlights the potential intrinsic

relationship between ECM signaling pathways

and the structural integrity of the collagen net-

work of tendon. These seemingly, dependent

functional relationships need to be considered

when designing effective clinical management

strategies.

Precision Medicine

There is an ever-increasing demand for the

expansion of current testing models to increase

the sensitivity of differential diagnoses and the

prescription of treatment. Precision medicine is

one of the current models, which tries to exploit

the genetic and non-genetic clinical indicators to

improve the quality of medical care through

comprehensive diagnostics, improved treatment

intervention and clinical management [36]. To

date, there are several genetic tests available on

the market to assist with injury risk assessment.

However, there are limitations to consider, which

includes the testing panel may be lagging behind

current research in the field and it may not have

been validated in (i) different populations or

(ii) with the injury clinical profile being tested.

These tests are largely premature as researchers

are still unravelling the intricacies and complex-

ity of the biological pathways leading to

tendinopathy. Moreover, the effects of regulatory

non-coding regions, epigenetics and environ-

mental factors on injury susceptibility need to

be considered [36, 37]. It is therefore an added

responsibility of healthcare professionals to (i) be

aware of the various tests, (ii) the validity of the

clinical utility, (iii) understand the injury speci-

ficity, if defined, (iv) caution their patients on the

limitations of such tests and (v) guide them to

identify the most informative but also the most

clinically relevant tests based on biological func-

tional data. Healthcare professionals are there-

fore reminded to integrate the complete clinical

profile of the individual, which includes their

unique medical history, family history, all

known environmental exposures and the genetic

contribution, to facilitate improved diagnoses,

direct treatment intervention and clinical man-

agement. Genetic profiling should only be

interpreted in the context of an integrated clinical

assessment platform.

Concluding Remarks

The extracellular matrix of a tendon is a dynamic

reservoir of components, which are able to

respond and adapt to load. The effects of loading

and unloading on the capacity of tendon, how-

ever, remains a mystery [38]. Biologists continue

to be intrigued and perplexed by the subsequent

dynamics leading to failure of the tendon to heal

and/or adapt. Decoding this myriad of potential

matrix interactions has therefore become an

obsession in the pursuit of unravelling the

structural-functional organization of tendon and

this relationship to its biomechanical properties.

Genetics has tried to identify some of the key

biological variables, which need consideration
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(Fig. 9.1). To date, 18 genetic intervals and

32 polymorphisms have been associated with

risk of tendon pathologies such as AT, CTS and

or PTT. The large majority of these studies have

followed a case-control genetic association

approach, which is a limitation. Only a small

proportion of these associations have been

replicated in independent populations having

the same or similar phenotype [39]. Associations

cannot be viewed independently and have to be

part of a phased approach where the functional

hypothesis is also explored. Evidence for a func-

tional hypothesis is emerging for the 3’-UTR of

the COL5A1 gene [8]. One of the steps towards

this functional end is mining these genetic

boundaries more carefully across all populations.

Identifying critical regions of biological rele-

vance in the large majority of populations will

inform us of the major biological role players in

tendinopathy disorders [40, 41].

In future, it is going to be imperative that we

start pooling resources and combining expertise to

more effectively interrogate tendinopathy at the

genomics, cellular, functional, physiological and

biomechanical levels to gain a comprehensive

understanding of the mechanisms underpinning

injury and tendon capacity. The era of omics and
high-throughput technologies is well established,

but only through collaboration will we effectively

exploit these arrays towards an improved clinical

understanding of tendinopathy.
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Tendons Involvement in Congenital
Metabolic Disorders 10
Michele Abate, Vincenzo Salini, and Isabel Andia

Abstract

Congenital metabolic disorders are consequence of defects involving

single genes that code for enzymes. Blocking metabolic pathways, the

defect leads to the shortage of essential compounds, and/or to the accu-

mulation of huge quantities of precursors, which interfere with normal

functions. Only few of these diseases are characterized by a clinically

significant tendon involvement.

Heterozygous Familial Hypercholesterolaemia results from the inheri-

tance of a mutant low-density lipoprotein receptor gene; patients show

high cholesterol levels, precocious coronary artery disease, and may

develop tendon xanthomata (mainly in Achilles tendon). The detection

of xanthomata is important, because it allows an early diagnosis and

treatment of the disorder. Cerebrotendinous Xanthomatosis is a rare

genetic metabolic disorder of cholesterol and bile acid metabolism,

characterized by accumulation of cholestanol in brain and tendons. Ten-

don abnormalities are similar to those reported in Heterozygous Familial

Hypercholesterolaemia. Alkaptonuria is caused by a deficiency of the

enzyme homogentisic acid oxidase. Due to the accumulation of the

homogentisic acid, tendons and ligaments are characterized by a typical

ochre/yellow pigmentation (ochronosis), with ensuing inflammation, cal-

cification and rupture. In Congenital Hypergalactosemia an increased

tendon collagen cross-linking by non-enzymatic galactosylation can be

observed. Finally, Congenital Hypophosphatasia may be associated to

deposition of hydroxyapatite crystals in rotator cuff, elbow, and Achilles

tendons.
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Introduction

Congenital metabolic disorders (CMDs) represent

a wide spectrum of genetic diseases of metabo-

lism. Since the seminal works about alkaptonuria

published by a British physician, Archibald

Garrod, in the early twentieth century, who

suggested the “one gene-one enzyme” hypothesis

[13], much has been learned about the

histopathological, biochemical and clinical

findings of these diseases. Briefly, CMDs are pro-

duced by alterations of single genes that code for

enzymes, with the impairment of the conversion

of some substrates into products, and their conse-

quent accumulation, in addition to deficit of the

ultimate product of metabolism. As result, the

large increase of these substances is toxic,

interferes with normal function, and reduces the

ability to synthesize essential compounds [12].

CMDs include a plethora of diseases, related

to defects of carbohydrate, aminoacid, organic

acids, porphyrin, purine/pyrimidine, steroids

metabolism etc., and their cumulative incidence

is estimated to be 40/100,000 live births, overall

representing more than 15 % of single gene

disorders in the population [36].

Because of the wide range of systems

involved, the clinical presentation is heteroge-

neous, with nervous, cardiovascular, pulmonar,

gastro-enteral, uro-genital, immunological,

endocrinological, and skeletal disorders

[12]. Usually, CMDs can be suspected on the

basis of clinical presentation and are easily

detectable by newborn screening and specific

tests, which favor an earlier treatment and a

better outcome. However, in some cases a defin-

itive diagnosis cannot be made, resulting in the

need to rely on the patient’s clinical course.

A detailed report on CMDs is beyond the

scope of the present chapter, which deals

exclusively with only few diseases characterized

by tendon involvement, important in the diagnos-

tic and clinical perspective.

Familial Hypercholesterolemia

Heterozygous Familial Hypercholesterolaemia

(HeFH) is a monogenic disorder that affects

about 1/500 people, usually resulting from the

inheritance of a mutation on the gene codifying

the receptor for low density lipoprotein (LDL),

which normally removes LDL from the circula-

tion [30]. Untreated, HeFH is associated with a

high mortality and morbidity from coronary heart

disease, but when intensive treatment is preco-

ciously undertaken, life expectancy can be sub-

stantially improved.

Most patients with HeFH develop tendon

xanthomata (mainly in Achilles tendon), which

become increasingly common from the third

decade onwards [9]. Histologically, cholesterol

deposition is seen both extracellularly and inside

histiocytic and other foam cells, which show

numerous intracytoplasmic lipid vacuoles,

lysosomes, and myelin-figures. An inflammatory

cell infiltrate, and a fibrous reaction may be

associated [2, 8, 40].

The early detection of xanthomata is thus

exceptionally important. Unfortunately, the clin-

ical diagnosis in several cases is not easy,

because the nodules are too small to be detected

or otherwise because pain is ascribed to an

unspecific tendon damage. At this regard,

Beeharry et al. [4] have shown that episodes of

Achilles tendon pain, lasting more than 3 days,

are very common in patients with HeFH, yet in

absence of apparent xantomatosis. Therefore, the

authors suggest that measurement of serum cho-

lesterol in young patients presenting with

118 M. Abate et al.



Achilles tendon pain is mandatory, because

could lead to an early diagnosis of HeFH.

Sonography is very useful for detecting tendon

abnormalities. The technique may visualize

xanthomata located deep within the tendon,

which cannot be detected by palpation. Tsouli

et al., in a large case-control study, found moder-

ate and high Achilles tendon damage in 30/80 and

in 8/80 patients, respectively [34, 35]. The thick-

ness of the tendon was increased in patients with

HeFH compared to controls, proportionally to the

echostructural abnormalities. Only patients with

minor sonographic changes showed significant

reduction in Achilles tendon thickness after statin

treatment, whereas in patients with moderate and

high Achilles tendon damage no significant reduc-

tion was observed [20, 34]. Exacerbations of

Achilles tendon pain can occur when statin treat-

ment is started, and it is associated with the rapid

lowering of cholesterol. The condition would

seem to be akin to the exacerbations of gout,

which occur when allopurinol treatment is begun

and the serum uric acid level decreases rapidly.

The mobilisation of cholesterol, like that of uric

acid crystals, presumably provokes an inflamma-

tory cell reaction [17, 34]. Nodular excision of the

xanthomatas, followed by tendon reconstruction,

is sometimes necessary [1].

Homozygous FH is very uncommon, occur-

ring in 1 on a million births. The symptoms are

similar to those of HeFH, but more severe [3, 11].

Cerebrotendinous Xanthomatosis

Cerebrotendinous Xanthomatosis (CTX) is a rare

autosomal recessive disorder involving

mutations on the CYP27A1 gene, and subsequent

alterations in cholesterol and bile acid metabo-

lism that results in systemic and neurologic

abnormalities [27]. The genes causing CTX

were mapped to the STSL locus on human chro-

mosome 2p21, and mutations in either of the two

genes that comprise this locus, ABCG5 or

ABCG8, cause this disease. So far, more than

50 different mutations have been identified on

the CYP27A1 gene, which encodes the

mitochondrial enzyme 27-esterol hydrolase,

involved in the oxidation of cholesterol

intermediates as part of the bile acid synthesis

pathway. This enzyme is crucial in metabolic

homeostasis because it catalyzes many reactions

in the synthesis of cholesterol, steroids and other

lipids. The prevalence has been roughly

estimated in 3-5/100,000 in the Caucasian popu-

lation [21]. No more than 300 cases have been

described worldwide [28].

The disease is characterized by normal to

moderately elevated cholesterol levels, accumu-

lation of the metabolite cholestanol in brain and

tendons, whereas chenodeoxycholic acid, an

important bile acid, is virtually absent. CTX

diagnosis is based on clinical symptoms. Cogni-

tive impairment, dysphagia, dysarthria, dystonia,

spasticity, muscle weakness and ataxia are the

more common neurologic signs. Tendon

abnormalities are similar to those reported in

HeFH ([5, 23], Pudhiavan [28, 32, 38, 39]). At

early stages, during the first or second decade,

diarrhea and bilateral cataracts are diagnosed.

Later in the third decade, tendon xanthomas and

progressive neurologic dysfunction arise [33].

Alkaptonuria

Alkaptonuria is a rare disease with a prevalence of

1/100.000�250.000 [24]. Mutations on

homogentisate 1,2-dioxygenase (HGD) gene

which encodes the enzyme HGD impair the catab-

olism of tyrosine and phenylalanine. Transmission

is autosomal recessive with variable expression.

The HGD has been mapped to chromosome

3q21–q23. More than 115 mutations impairing

the HGD enzyme translations have been described

[29]. Consequently, a deficiency of the HGD

enzyme favors the accumulation of homogentisic

acid (a metabolic product of the aromatic amino

acids phenylalanine and tyrosine) into the

fibrillary collagens. After irreversible binding to

collagen fibers, homogentisic acid becomes

polymerized to form a dark pigment, conferring

a characteristic ochre/yellow appearance to con-

nective tissues (ochronosis). As consequence, the
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structural integrity of collagen is reduced due to

inhibition of collagen cross-linking, thus increas-

ing the likelihood of spontaneous rupture

[6, 22]. Histopathology shows extensive degener-

ative changes with swollen, rigid, and fragmented

collagen fibers, jagged edges and ochronotic

deposition [18]. The disease is clinically

characterized by homogentisinic aciduria, bluish-

black discoloration of connective tissues, verte-

bral and large joints arthropathy, and tendon

abnormalities. Less common manifestations are

cardiovascular disorders, renal, urethral and pros-

tate calculi, and scleral and ear involvement.

Alkaptonuria may be recognized during child-

hood, but the musculoskeletal involvement is usu-

ally present only after the age of 30. Early

arthropatic changes include diffuse cartilage pig-

mentation and chondrocyte necrosis, while in

advanced stages degenerative changes in synovial

and intervertebral joints are noted. Longstanding

disease may result into severe kyphosis, oblitera-

tion of intervertebral spaces and marginal

osteophytes [25, 37].

Tendons and ligaments are heavily pigmented

due to their collagen content, resulting in inflam-

mation, calcification and rupture. Usually, the

tendons with synovial sheath are not involved.

Enthesopathy at the insertion site is the more

frequent finding. At ultrasound evaluation,

tendons appear thick and hypoechoic, with

coarse hyperechoic mass at bone insertion,

which may represent detached cartilage

fragments, or pigmented tissue debris

aggregations [10].

Galactosemia

This rare autosomal recessive disorder is caused by

the absence of the enzyme responsible for ade-

quate galactose metabolism. Galactose accumula-

tion can cause serious damage to the eyes, liver,

kidneys and brain. Increased tendon collagen

cross-linking by non-enzymatic galactosylation

has been observed in cases of Congenital

Hypergalactosemia, even if clinical tendinopathies

have never been reported [7, 26, 31].

Hypophosphatasia

Hypophosphatasia (HPP) is an inborn error of

metabolism, characterized by hypercalcemia

and skeletal disease. The condition is attributed

to low serum alkaline phosphatase (ALP) activ-

ity, caused by functional mutation(s) within the

gene codifying the tissue nonspecific (liver/bone/

kidney) isoenzyme of ALP (TNSALP) located

on chromosome 1. Both, autosomal dominant

and recessive defects, involving more than

260 TNSALP mutations, have been described,

and this explain why the spectrum and severity

of clinical features can be very large [19].

The diagnosis can be performed in the prena-

tal stadium by ultrasonography, which shows

small thoracic circumference with pulmonary

hypoplasia, severe micromelia, generalized

demineralization and osteochondral spurs

[15]. In pediatric patients, a common clinical

manifestation is the premature exfoliation of

deciduous teeth, attributable to deficiency of

mineralized cementum covering the tooth roots

[16]. In middle aged patients, poorly healing

metatarsal stress fractures and proximal femoral

pseudofractures have been observed [14].

Lacking of the enzyme TNSALP leads to the

extracellular accumulation of inorganic pyro-

phosphate (PPi), which in turn causes, in affected

adults, calcium pyrophosphate dihydrate deposi-

tion, PPi arthropathy, or pseudogout, or seem-

ingly paradoxical deposition of hydroxyapatite

crystals in ligaments or around joints (calcific

periarthritis), as reported by Guañabens

et al. [14] in rotator cuff, elbow and wrist exten-

sor/flexors, hips and Achilles tendons in three

middle-aged sisters.

Conclusions

Tendons involvement in congenital metabolism

disorders occurs in a very limited number of

subjects. Actually, the prevalence of these

diseases is very low in the general population,

and only few of them show tendon damage

among the wide range of their clinical
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manifestations. The common pathogenetic

mechanism is the block of an enzymatic pathway

with accumulation of huge amounts of

precursors. Tendon abnormalities are of clinical

relevance in HeFH, where unexplained Achilles

tendon pain in young subjects may allow an early

diagnosis. Tendinopathy can be observed also in

Alkaptonuria, however as a relatively late mani-

festation associated to systemic pathologies. In

Congenital Hypergalactosemia and HPP tendon

involvement is a minor complication compared

to more important systemic disorders.
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14. Guañabens N, Mumm S, Möller I et al (2014) Calcific

periarthritis as the only clinical manifestation of

hypophosphatasia in middle-aged sisters. J Bone

Miner Res 29:929–934

15. Guguloth A, Aswani Y, Anandpara KM (2015) Pre-

natal diagnosis of hypophosphatasia congenita using

ultrasonography. Ultrasonography. doi: 10.14366/

usg.15008

16. Haliloglu B, Guran T, Atay Z et al (2013) Infantile

loss of teeth: odontohypophosphatasia or childhood

hypophosphatasia. Eur J Pediatr 172:851–853

17. Harada-Shiba M, Arai H, Oikawa S et al (2012)

Guidelines for the management of familial hypercho-

lesterolemia. J Atheroscler Thromb 19:1043–1060

18. Helliwell TR, Gallagher JA, Ranganath L (2008)

Alkaptonuria – a review of surgical and autopsy

pathology. Histopathology 53:503–512

19. Hollis A, Arundel P, High A, Balmer R (2013) Cur-

rent concepts in hypophosphatasia: case report and

literature review. Int J Paediatr Dent 23:153–159

20. Jarauta E, Junyent M, Gilabert R et al (2009) Sono-

graphic evaluation of Achilles tendons and carotid

atherosclerosis in familial hypercholesterolemia. Ath-

erosclerosis 204:345–347

21. Lorincz MT, Thomas D, Fink JK (2005)

Cerebrotendinous xanthomatosis: possible higher

prevalence than previously recognized. Arch Neurol

62(9):1459–1463

22. Manoj Kumar RV, Rajasekaran S (2003) Spontaneous

tendon ruptures in alkaptonuria. J Bone Joint Surg

(Br) 85:883–886

23. Mirzanli C, Esenyel CZ, Ozturk K, Baris A, Imren Y

(2013) Cerebrotendinous xanthomatosis presenting

with bilateral achilles tendon xanthomata: a case

report. J Am Podiatr Med Assoc 103:152–155

24. Mistry JB, Bukhari M, Taylor AM (2013)

Alkaptonuria. Rare Dis 1, e27475

25. Perry MB, Suwannarat P, Furst GP, Gahl WA, Gerber

LH (2006) Musculoskeletal findings and disability in

alkaptonuria. J Rheumatol 33:2280–2285

26. Porta F, Pagliardini S, Pagliardini V, Ponzone A,

Spada M (2015) Newborn screening for galactosemia:

a 30-year single center experience. World J Pediatr

11:160–164

27. Preiss Y, Santos JL, Smalley SV, Maiz A (2014)

Cerebrotendinous xanthomatosis: physiopathology,

clinical manifestations and genetics. Rev Med Chil

142:616–622

28. Pudhiavan A, Agrawal A, Chaudhari S, Shukla A

(2013) Cerebrotendinous xanthomatosis – the spec-

trum of imaging findings. J Radiol Case Rep 7:1–9

10 Tendons Involvement in Congenital Metabolic Disorders 121



29. Ranganath LR, Cox TF (2011) Natural history of

alkaptonuria revisited: analyses based on scoring

systems. J Inherit Metab Dis 34:1141–1151
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Hyperuricemia in Tendons 11
Isabel Andia and Michele Abate

Abstract

Hyperuricemia, particularly gout, and the immune inflammatory response

are highly integrated. Both, long standing hyperuricemia and

monosodium urate (MSU) crystal deposition can challenge tendon

homeostasis because of their potential to cause inflammation to the host.

Knowledge is emerging from clinical imaging research depicting where

MSU crystals deposit, including patellar tendon, triceps and quadriceps

tendons. Remarkably, subclinical tendon inflammation and damage are

also present in asymptomatic hyperuricemia. Monosodium urate crystals

act as danger activating molecular patterns (DAMPs), activating the

inflammasome and inducing the secretion of IL-1beta, a key mediator of

the inflammatory response. The crucial role of IL-1beta in driving the

inflammatory events during gout attacks is supported by the clinical

efficacy of IL-1beta blockade. Some data implicating IL-1beta as an

initiator of tendinopathy exist, but the link between hyperuricemia and

the development of tendinopathy remains to be validated. Further knowl-

edge about the interactions of uric acid with both innate immune and

tendon cells, and their consequences may help to determine if there is a

subclass of hyperuricemic-tendinopathy.
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Introduction

People with hyperuricemia related tendinopathy

represent the intersection between two prevalent

entities: millions with hyperuricemia and the

millions of people who suffer tendinopathy. The

rising frequency of both, hyperuricemia and

tendinopathy, is associated to a combination of

factors including increased longevity, and shifts

in diet and lifestyle.

Hyperuricemia is the gateway for gout, an old

disease that concerns almost all civilizations over

the ages. The increasing prevalence of

hyperuricemia, along with the doubling of the

rate of gout in the past decades [56], and its

association with important comorbidities such

as cardiovascular disease, metabolic syndrome

or diabetes among others is creating a heavy

burden by driving up medical expenditures.

Gout describes an inflammatory arthritis

resulting from monosodium urate (MSU) crystal

deposition in specific anatomical sites including

joints, and tendons. Currently, medical English

has retained old Greek and Latin names such as

podagra (from podos, foot and agreos attack), to

describe acute gout attacks, more specifically

MSU crystal deposition in the first metatarso-

phalangeal joint. Tophus, (from the Latin tofus
meaning porous stone), depicts nodular masses

of MSU crystals, most commonly occurring at

the base of the great toe and fingers.

Hyperuricemia is defined as a serum urate

level higher than 6.8 mg/dL (0.40 μmol/L).

Remarkably, patients who overproduce uric

acid represent fewer than 20 % of those with

gout [11]. As described below, not only gout

and associated inflammation, but hyperuricemia

can be an intrinsic element that directs immune

activities, favoring the development and progres-

sion of tendinopathy. Indeed, hyperuricemia can

induce cellular and/or metabolic distress [1],

thereafter tendon extracellular matrix degenera-

tion as well as sub-clinical inflammation.

In this chapter, we first summarize the main

characteristics of hyperuricemia/gout and

tendinopathy. Then, we discuss clinical and

biological information that can mean an associa-

tion between both pathologies, and can help us in

substantiating a more precise medicine by

explaining different subclasses of tendinopathies

driven by new diagnostic.

Hyperuricemia and Tendinopathy?

The hypothesis that hyperuricemia can have a

role in the development of tendinopathy is

based on recent advances of crystal biology and

the pathophysiology of tendinopathy.
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Hyperuricemia/Gout

Uric acid, (a heterocyclic purine derivative

7,9-dihydro-1H-purine-2, 6, 8 (3H)-trione), is

the degradation product of purine metabolism

after xanthine oxidase oxidizes purines

(Fig. 11.1). In mammals, other than humans and

primates, uricase (urate oxidase) forms soluble

allantoin, thereby lowering uric acid levels

below 2 mg/dL. Instead, human subjects lack

uricase, thus reference range of serum urate is

higher, i.e. 3.4–7.2 mg/dL for men and

2.4–6.1 mg/dL for women.

Two important physiological mechanisms

decide the levels of uric acid in body fluids.

On one hand, purine metabolism in the liver,

i.e. 2/3 of uric acid is formed naturally and

purines in the diet produce 1/3. Thus, excessive

intake of food rich in purines can induce over-

production of uric acid, and acute hyperurice-

mia. On the other hand, renal function is

involved in the systemic adjustments of urate

levels, i.e. glomerular filtration, tubular reab-

sorption, secretion and post-secretory reabsorp-

tion. Alterations in these mechanisms can cause

chronic hyperuricemia.

The fact that native levels of serum urate are

very close to saturation point (7.0 mg/dL)

suggests that this molecule has important roles

in maintaining tissue homeostasis. Indeed,

serum urate is a reducing agent that accounts

for almost half of the antioxidant potential of

blood, influences redox potential and protects

against oxidative damage. Uric acid prevents

the toxicity by reactive oxygen and nitrogen

species with negative influence on critical cell

functions. Recent data show that uric acid is

protective against Alzheimer, Parkinson,

amyotrophic lateral sclerosis, and multiple scle-

rosis [27, 49]. Instead, the crystalline form that

develops after chronic (longstanding) hyperuri-

cemia is well-known because of its inflamma-

tory properties.

Hyperuricemia is the most important risk fac-

tor for inflammatory gout, but peculiarly many

people with hyperuricemia do not follow crystal

deposition and gout attacks. To add complexity,

sometimes serum urate concentration is within

the normal range during acute gout attacks

[36]. In one cohort study with a follow up of

5 years, gout developed in only 22 % of patients

with urate levels above 9 mg/dL (535 umol/L)

[11]. Figure 11.2a depicts the clinical stages from

hyperuricemia to chronic gout.

Vulnerability to gout is also attributed to

genetic influences. The kidneys reabsorb about

90 % of the daily load of filtered urate, and

specific anion transporters mediate the process.

Actually, genome wide studies have identified

polymorphisms, associated with serum urate

levels, in various loci codifying glucose and

urate protein transporters in the kidney, including

Fig. 11.1 Purine degradation and formation of uric
acid
Uric acid is a normal intracellular constituent, generated

as part of the normal turnover of nucleic acids following

purine degradation in the cell cytosol. Purines, adenine

and guanine, are essential components of DNA and RNA
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GLUT9 (SLC2A9), and ABCG2 [35, 52,

58]. However, data derived from rheumatologic

studies in identical twins show a concordance

rate of 53 % in monozygotic and 24 % in dizy-

gotic twin pairs, indicating that the genetic sus-

ceptibility requires other concomitant factors

[25]. Despite increasing knowledge, the factors

controlling formation and deposition of MSU

crystals are not fully understood.

Inflammatory Cell Reactions to MSU
Crystals
Broadly speaking two processes occur after MSU

deposition, first cell detection of the crystals, and

secondly activation of the inflammatory response

driven by chemokines and cytokines (please also

see Chap. 20).

Both immune cells and local cells can detect

MSU crystals (Fig. 11.3). As described later,

patients with hyperuricemia have elevated levels

of circulating MCP-1, a chemokine that

mobilizes monocyte/macrophages [21]. Mono-

cyte/macrophages can phagocytose crystals that

interact with the inflammasome, of which

NLRP3 (NOD-like receptor protein-3) is the

best characterized. This interaction triggers acti-

vation of caspase 1 in the cytosol, followed by

cleavage of pro-IL-1beta into mature IL-1beta.

Secreted IL-1beta binds to the IL-1R, present in

the membrane of different cell phenotypes. In

doing so, IL-1beta activates an inflammatory

cascade by promoting the expression and secre-

tion of additional inflammatory molecules,

mainly cytokines and chemokines. Other

reported inflammatory pathways involve the

engagement of TLR2 and TLR4 receptors [31,

32, 53, 54].

The crucial role of IL-1beta in initiating the

inflammatory cascade during gout attacks is

supported by the efficacy of IL-1beta blockade

Fig. 11.2 Clinical outcome of hyperuricemia/gout (a),
and tendinopathy (b)
(a) Asymptomatic stages, without or with urate deposition,

are followed by acute intermittent painful flares that occur

most often in lower extremities. Inter-critical periods become

shorter as disease progresses. People with advanced chronic

gout can have tophi, usually in distal areas of the body.

(b) Tendinopathy, initially characterized by temporary

irritation and molecular inflammation, is considered a

degenerative disease with changes in extracellular matrix

composition and loss of tissue architecture. Ensuing det-

rimental mechanical properties can result in partial tears

or total rupture [42]
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therapy in patients with gout initiating urate-

lowering therapy [40]. In fact, several anti-IL-

1beta therapies have been tested to prevent gout

flares after the sudden urate decline (at the

beginning of urate lowering treatment) which

induces the release of MSU crystals from

tophus.

Supporting the innate immune response to

gout, MSU crystals induced cultured monocytes

to express the chemokine IL-8, a potent neutro-

phil chemoattractant [21]. Actually, neutrophil

infiltration is a feature of crystal-induced

inflammation.

MSU deposition affects not only innate

immune cells but also tendon cells. Indeed, the

presence of MSU crystals induced a reduction of

tendon cell viability and reduced the expression

of ECM proteins, specifically type 1 collagen.

Besides, MSU crystals up-regulate MMP-2, �3,

�13, ADAMTS1, ADAMTS4 and ADAMTS5

[14] (Chhana 2014). Despite up-regulation of

ECM detrimental enzymes, tendon rupture in

gout is less frequent than cartilage damage and

bone erosions. The latter are frequent in gout, as

well as decreased viability and function of osteo-

blast [13]. Of note, altered bone functions may

have implication at the enthesis.

Both, MSU and hyperuricemia, are inflamma-

tory adjuvants triggering an adaptive immune

response (i.e. antigen-specific response mediated

by T, and B cells). Remarkably, it is believed that

MSU induced sterile inflammation is different

from uric acid mediated adjuvancity, [34] but

our understanding of the immunological

mechanisms underlying adjuvanticity is still

incomplete.

Tendinopathy

The etiology of tendinopathy is multifactorial

often triggered by vulnerability factors. Since

the myth of the Greek hero Achilles of the Trojan

War, telling how vulnerable a tendon is, much

has been learned, and current research has pro-

duced several biological hypothesis based on

histopathological, biochemical and clinical

findings that show cell apoptosis,

angiofibroblastic features or abnormal biochemi-

cal adaptations. These findings suggest that a

failed healing response underlies the

condition [4].

Here we focus on two mechanisms underlying

the loss of tendon homeostasis, i.e. inflammation

IL-6, IL-8

IL-6, IL-8, MCP-1,
GRO-a, MMP-2,-3,-13
ADAMTS-1,-4,-5

TENDON cell activation

IMMUNE cell activation

MSU crystals

?
TNF-a, PGE25

1

1

4

5

4

ILR1

ILR1Caspase-1

Active IL-1b

IL-1b

NLRP3

Pro-IL-1b

2

3

Fig. 11.3 Cartoon showing a tentative model that
links hyperuricemia with tendinopathy, mainly
through activation an inflammatory cascade driven
by IL-1beta on immune and tendon cells
MSU crystal detected and phagocyted by macrophages

(1), interact with the inflammasome (2) inducing the

activation of caspase 1. Ensuing cleavage of pro-IL-1b

by caspase 1 (3), generation and secretion of active

IL-1beta switch on the inflammatory cascade. IL-1beta

binds to IL-1R in macrophages (4) and tendon cells

(4) and set in motion gene transcription and production

of inflammatory molecules
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and cell death, because they are particularly rele-

vant to provide a tentative relationship between

hyperuricemia and tendinopathy.

Inflammation
Classical signs of active inflammation, such as

histological evidence of leukocyte infiltrates, are

scarce in degenerative tendinopathy [3]. For

example, the presence of mast cells shows in

the patellar tendon of patients with pain and

swelling [53] and, in calcaneal overuse

tendinopathy [46]. Instead, in acute reactive ten-

dinitis, such as De Quervain disease, inflamma-

tory components, including neutrophil elastase,

cyclooxygenase, as well as macrophage infiltra-

tion affecting collagen structure is evident [26].

The presence of an inflammatory molecular

milieu in degenerative tendinopathy is more

obvious, as local tendon cells can synthesize

inflammatory molecules in response to tissue

stress. This consideration differs from the classi-

cal view of inflammation, embodied by the pres-

ence of inflammatory cells. Essentially, the

biochemical adaptation of prolonged repetitive

mechanical loading produces cytokines such as

IL-1beta, IL-6, IL-8 and TNF-alpha,

prostaglandins such as PGE2, and neuropeptides

such as substance P [17, 18, 29, 38]. Some harm-

ful effects of inflammatory cytokines include

up-regulated VEGF production along with

enhanced production of metalloproteinases,

such as MMP-1 MMP-3 and MMP-13 [57] that

cause matrix destruction.

In accordance with the concept of intrinsic

tendon healing deficits and the weak response

to injury, during acute early healing Achilles,

tendons did not display detectable levels of

pro-inflammatory molecules. Merely, pleiotropic

cytokines including IL-6 and IL-8 were

elevated [2].

Cell Death and Local Hyperuricemia
Another histopathological feature that emerges

in tendinopathy is cell death, suggesting that the

problem is the loss of homeostasis, and failed

healing response that creates a vicious circle

between cell death and progressive matrix dis-

ruption leading to chronic degeneration. At least

one study has shown many apoptotic cells in

ruptured supraspinatus tendon [59], and other

studies showed excessive apoptosis in patellar

tendinopathic specimens in athletes [30], and

noninsertional Achilles tendinopathy [43].

Cell death is associated with sterile inflamma-

tion induced by intracellular alarmins released to

the extracellular space [39]. Alarmins are danger

activating molecular pattern (DAMP), because

they can alert the host by mobilizing innate

immune cells, and ensuing inflammatory

response through Toll-like receptors (TLR).

Uric acid is one of these alarmins. Cells produce

even more uric acid when they die and DNA and

RNA are metabolized. Actually, large-scale cell

death induces robust MSU precipitation caused

by intracellular urate released to the extracellular

space, creating a supersaturated solution in the

high sodium extracellular environment [55].

In what circumstances monosodium urate pre-

cipitate, nucleate and form inflammatory crystals

have been the focus of recent experimental

research. Indeed, the molecular composition of

the milieu may influence both the amount and

size of crystals, and their inflammatory

properties. Besides, crystallization depends on

hydration, and extracellular pH, and often occurs

in areas of compromised vascularity where the

ability to regulate temperature is hampered. Ani-

mal studies have proposed that immunoglobulins

may be part of a positive feedback loop promot-

ing uric acid crystallization and

immunogenicity [23].

Activated tendon cells drive immune cell

infiltration [7], the duration and intensity of

inflammation; they also control the switch from

acute to chronic inflammation. In this context, we

have explored whether tendon cells can sense

hyperuricemia in their biological milieu, and

whether hyperuricemic PRP can incite tendon

cells to switch to an inflammatory phenotype.

Actually, tenocytes express the main receptors

involved in sterile inflammation, TLR2 and

TLR4 [16], but it is not clear in what

circumstances these receptors are functional.

Because serum amyloid protein primed synovial

fibroblasts to produce active IL-1beta and

IL-1alpha when exposed to high uric acid and
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MSU crystals, we hypothesized that

hyperuricemic PRP with native levels of amyloid

protein could trigger a molecular inflammatory

response by tendon cells. But, we found that

hyperuricemia is a minor stressor for tendon

cells as it mitigates the modest inflammatory

effect induced by PRP reducing the expression

and synthesis of IL-6 and IL8 [5, 6].

Instead, the presence of MSU crystals induce

the reduction of tendon cell viability and reduce

expression of ECM proteins, specifically type

1 collagen and in parallel up-regulates catabolic

ECM proteins [14]. Interestingly, MSU crystals

were identified next to and invading the tendon,

and at the enthesis [14].

Clinical Observations

The hypothesis that uric acid may play a role in

the development, and progression of

tendinopathy is predicated on the presence of

low-grade inflammation in hyperuricemic

patients, and recent findings on tendon imaging.

Low-Grade Inflammation

One potential explanation for how longstanding

hyperuricemia can modify tendon homeostasis is

the presence of low-grade systemic inflamma-

tion. For instance, elevated levels of MCP-1/

CCL2, a chemokine involved in leukocyte traf-

ficking, are displayed in patients with acute gout

and hyperuricemia [21]. Moreover, in these

patients MCP-1/CCL2 concentrations in serum

correlates with the increased number of

circulating CD14þ monocytes, and the adhesion

molecule CD11b. In asymptomatic subjects,

there is an association between serum levels of

uric acid with inflammatory markers including

CRP, IL-6, IL-18 and TNF-a [51].

These findings are consistent with human

studies showing enhanced levels of circulating

CD14þ monocytes, not only in patients with

gout, but also in asymptomatic hyperuricemia

compared to normouricemic patients.

Besides, neutrophils from gout patients are

primed for enhanced MSU crystal induced super-

oxide production. Moreover, this neutrophil

function persists in asymptomatic

hyperuricemic, and the inflammatory environ-

ment likely contributes to higher IL-8 production

and neutrophil survival in the absence of direct

crystal stimulation [33].

Tendon Imaging

Advances of imaging science permits taking a

closer look at soft tissues [12]. A recent ultra-

sound study has identified not only cartilage, but

also tendons as tissues with high frequency depo-

sition of MSU crystals. In particular, the patellar

tendon, triceps and quadriceps tendons are often

affected [19, 41].

Besides, tophi causing flexor tenosynovitis

along with dactylitis is often seen in patients with

gout [8, 10]. Gouty tophi causing ruptures of

tendons and ligaments are more unusual. Even so,

anecdotic tophaceous depositions have shown in

the anterior cruciate ligament [37], and distal quad-

riceps tendon [9].Moreover, peculiar acute podagra

happened in the Achilles tendon of a young long

distance runner with normouricemia [22].

Interestingly, subclinical tendon inflammation

and subclinical structural damage have been

reported in people with asymptomatic hyperurice-

mia [45, 47]. For example, enthesopathy in the

patellar tendon was found in 12 % of

hyperuricemic patients and 2 % of normouricemic.

Accordingly, Achilles tendon enthesopathy was

present in 15 % of hyperuricemic contrasting

with 1.9 % of normouricemic subjects.

Corroborating these data, Achilles tendon ruptures,

characterized as acute trauma of chronically

degenerated tendons, occur more often in asymp-

tomatic patientswith hyperuricemia than in asymp-

tomatic normouricaemic subjects [45].

Imaging continues to yield information rele-

vant to tendinopathy, and in the past years ultra-

sound is routinely used by sports physician as a

tool for the diagnosis of tendon pathology. When

treating tendinopathic symptoms, we shall keep

in mind the odds of gouty tophus within patellar
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tendon [15, 20, 50]. Experience in visualizing the

ultrasonographic features of MSU crystals or

gouty tophus may accelerate the diagnosis and

treatment modality depending on clinical stage.

In the same way, DECT (dual energy

computerized tomography) provides correct

views in patients with tophaceous gout and has

shown MSU deposition affecting the Achilles

tendon and peroneal tendons [15, 24, 28, 48].

Conclusions

Hyperuricemia is an increasingly important met-

abolic condition. However, its clinical

repercussions in tendons are often

underestimated, and not clearly understood.

While little evidence is available to implicate

hyperuricemia in the pathogenesis of

tendinopathy, it is more obvious that crystal

deposition in and around tendons during gout

attacks can trigger cell death, as a consequence

of the loss of homeostatic collagen tension owing

to microscopic collagen breakdown. Indeed, ten-

don cells lacking appropriate ECM attachment

are rapidly eliminated.

But, not only mechanical interference of

crystals with the extracellular matrix, also

inflammatory reactions of monocytes/

macrophages and tendon cells, ensuing from

crystal deposition and IL-1beta induced inflam-

mation, can favor the progression of

tendinopathy.

Nevertheless, while the biological

mechanisms underlying MSU activation of

inflammation are understood, there is little infor-

mation about hyperuricemia-mediated

adjuvancity in tendinopathy. Knowledge about

the interactions of urate with both innate immune

and local cells, may help the research community

to determine if there is a subclass of

hyperuricemic-tendinopathy, and set the grounds

for clarifying the biology and mechanism behind

hyperuricemia linked tendinopathy.

There is, however, much to investigate

because most concepts exposed here are still

speculative, and future research has to focus on

how hyperuricemia-mediated adjuvancity works

in tendon inflammation, cell death and extracel-

lular matrix deterioration.

A two-stage approach, firstly urate-lowering

therapy designed to dissolve MSU crystals and,

secondly keeping uric acid below saturation

point for long-life has been recommended

[44]. Imaging can be used to evaluate outcomes

until MSU crystals are dissolved.

Rheumatologists often prescribe prophylactic

treatments such as colchicine to minimize

inflammatory flares during the initial stages of

urate lowering therapy. Investigational prophy-

lactic treatments based on anti-IL-1b blockade

are promising in patients who have contrain-

dications for colchicine and NSAIDs [40] and

may be beneficial for tendons.

Contrasting with current trends of precision

medicine, tendinopathy management is unspe-

cific and merely palliative. Patient heterogeneity

hinders advances in novel treatments and clinical

trial design claims subpopulations are more

clearly understood. Exploring potential

connections between tendinopathy and hyperuri-

cemia, and determining whether or not there is a

subtype of tendinopathy induced by hyperurice-

mia may help to tackle part of this important

problem. Should the growing evidence that the

high urate level is a risk factor for tendinopathy

become accepted would have a major impact on

the diagnostic and treatment of tendinopathy.
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Abstract

Tendinopathies have a multifactorial etiology driven by extrinsic and

intrinsic factors. Recent studies have elucidated the importance of thyroid

hormones in the alteration of tendons homeostasis and in the failure of

tendon healing after injury. The effects of thyroid hormones are mediated

by receptors (TR)-α and –β that seem to be ubiquitous. In particular, T3

and T4 play an antiapoptotic role on tenocytes, causing an increase in vital

tenocytes isolated from tendons in vitro and a reduction of apoptotic ones;

they are also able to influence extra cellular matrix proteins secretion

in vitro from tenocytes, enhancing collagen production. From a clinical

point of view, disorders of thyroid function have been investigated only

for rotator cuff calcific tendinopathy and tears. In this complex scenario,

further research is needed to clarify the role of thyroid hormones on the

onset of tendinopathies.

General Aspects and Epidemiology

The natural history of tendinopathies is difficult to

define. Different factors, such as genetic back-

ground, biomechanics, intrinsic degeneration

within the tendon itself and co-morbidities, are

involved in the pathogenesis of tendon diseases.

The etiology of tendon tears remains multifactorial

and attempts have been made to unify intrinsic

and extrinsic theories. Recent evidence strongly

suggests that most of rotator cuff tears are caused

by primary failed healing response [1], but it is not

clear whether circulating hormones can act on

tendons and which is the link between hormonal

and metabolic diseases and the development of

tendinopathy [2]. In this complex framework,

F. Oliva (*) • E. Piccirilli • U. Tarantino

Department of Orthopaedics and Traumatology,

University of Rome “Tor Vergata”, Rome, Italy

e-mail: olivafrancesco@hotmail.com

A.C. Berardi

UOC Immunohematology and Transfusion Medicine

Laboratories, Laboratory of Stem Cells, Spirito Santo

Hospital, Pescara, Italy

N. Maffulli

Centre for Sports and Exercise Medicine, Queen Mary

University of London Barts and The London School of

Medicine and Dentistry, Mile End Hospital, London, UK

Head of Department of Physical and Rehabilitation

Medicine, University of Salerno, Salerno, Italy

# Springer International Publishing Switzerland 2016

P.W. Ackermann and D.A. Hart (eds.), Metabolic Influences on Risk for Tendon Disorders,
Advances in Experimental Medicine and Biology 920, DOI 10.1007/978-3-319-33943-6_12

133

mailto:olivafrancesco@hotmail.com


thyroid hormones (Ths) imbalance can deeply

affect the structural setting and the homeostasis

processes of tendons, but the precise mechanism

is still unknown [3]. Thyroid hormones play an

important role in the regulation of adult metabo-

lism influencing genomic actions, such transcrip-

tional processes and phosphorylation and non

genomic actions such as thermogenesis, cellular

growth and mitochondrial pathways [4]. In both

cases, The start a transduction cascade with a

strong impact on cellular metabolism by activation

of multiple mechanisms [5]. These hormones are

essential both in early and adult life and they

strongly influence changes in oxygen consumption,

protein, carbohydrate, lipid and vitamin metabo-

lism [6]. In particular, T4 (thyroxine) is important

for both collagen synthesis and extra cellular

matrix (ECM) metabolism. Hypothiroidism causes

accumulation of glycosaminoglycans (GAGs) in

the ECM, which may predispose to tendon injury

[7]. Tendinopathy can be the presenting complaint

in hypothyroidism, and symptomatic relief can be

obtained by appropriate management of the pri-

mary thyroid deficiency.

An epidemiological study recently showed the

possible role of thyroid hormones on modifying

and increasing the rate of non traumatic rotator

cuff tear in male and female [8]. A higher fre-

quency (63 %) of disorders of thyroid function

was detected in females: according to these data,

gender can be considered as an increased risk

factor for rotator cuff diseases, enhanced by the

higher incidence (56 % of the total female group

between 60 and 80 year) of thyroid pathologies

among the females. According to this study, even

though aging or genetic predisposing factors or

traumas are the main actors in the tendons tears,

an important role is played by metabolic sub-

strate. Thyroid disorders strongly influence the

failed healing response in some subjects, causing

the final symptomatic tears [9].

Basic Science

The effects of Ths are mainly mediated by T3,

which regulates gene expression by binding the

TH receptors (TR)-α and –β that seem to be

ubiquitous [10]. The importance of Ths on the

genesis of the tendinopathies has been confirmed

by in vitro studies that have detected the presence
of Ths receptors (TRα/β isoforms) on tenocytes

and confirmed the essential role of T3 and T4 in

regulating cell proliferation. Tenocytes were

isolated from human tendon tissues obtained

from healthy subjects and cultured for 72 h with

or without Ths. As expected, both T3 and T4

induced cell growth and the higher increase was

obtained by 72 h of hormone treatment, being

19 % for T3 and 10 % for T4. The addition of the

Ths in the culture medium led to stimulation of

cell growth with a reduction of the doubling time.

These findings stress the physiological action of

THs in the homeostasis of tendons: T3 and T4

play an antiapoptotic action on tenocytes, caus-

ing an increase in vital tenocytes isolated from

tendons in vitro and a reduction of apoptotic ones

in a dose- and time-dependent manner [11]

(Fig. 12.1).

Ths are also able to influence tenocyte secre-

tion of ECM proteins in vitro. Tendons are

fibrous connective tissues composed of cells

surrounded by a complex extra cellular matrix

rich of collagens, proteoglycans, glycoprotein

and water [12]. When primary tenocyte-like

cells were cultivated in the presence of T3 or

T4 individually or in combination with ascorbic

acid (AA), Ths together with AA significantly

increase the expression of collagen I, the major

fibrillar collagen of the tendon, in ECM. In addi-

tion, among the proteins, Cartilage Oligomeric

Matrix Protein (COMP) was enhanced. This is an

abundant glycoprotoein, first identified in carti-

lage, particularly present in tendon exposed to

compressive load. COMP belongs to the

thrombospondin gene family with the ability to

bind to type I, II and IX collagen molecules as

well as fibronectin (see Chap. 2). COMP

modulates the organization of collagen fibrils.

In contrast, Ths do not affect the expression of

collagen III, which is normally less abundant in

tendon and increases only during the early phases

of remodeling or in tendinopathies. Therefore,

Ths play a role on the extra cellular matrix of

tendons, enhancing in vitro the production of

several proteins [13].
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Fig. 12.1 (a) Western blot analysis of TRα/β isoforms.

A indicates patients with healthy rotator cuff tendons; B–C
indicate patients with rotator cuff tears without thyroid

disease, D–E represent patients with rotator cuff tears and

thyroid disease. The polyclonal antibodies against TRs α/β
recognize two specific bands at 47 and 55 kDa, respectively.

Densitometric absorbance values from three separate

experiments were averaged (� SD), after they had been

normalized to Vinculin for equal loading. Data relative to

each protein are presented in the histogram of the Western

Blot as Relative Densitometric Units (y axis). (b) Determi-

nation of apoptosis by Annexin V assay. At 48 h after

culture, the tenocytes in serum deprived medium, double

staining with Annexin V/PI, apoptotic cell population were

evaluated by flow cytometry. Results from one

representative experiment of three independent experiments

with similar finding are shown. Annexin V-PI� cells were

considered as vital, Annexin V þ PI� cells were consid-

ered as early apoptotic, Annexin V þ PIþ cells as late

apoptotic. The results are expressed as percentage of total

cells. The percentage of control cells (untreated) and treated

(T3 or T4) are presented in the histogram. All the data are

presented as mean � SD, and are the results from five

individual experiments. (c) Collagen I expression of primary

tenoyte-like cells in vitro culture isolated from five healthy

subjects and three hypothyroidism. Collagen I Intensity

(Total Area was quantified by anti-collagen I) it was

measured by Nikon software. F) Data are expressed as

mean � SD for four independent experiments for samples

run in triplicate (n ¼ 4, *P <0.05, **P <0.01)
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Tendons are affected by thyroid disorders

because of the heterogeneous composition of

their matrix: in fact, the T3-mediated

up-regulation of collagen is reflected in a change

of the cross-linking pattern, with a resulting

improvement of collagen quality. Thyroid

diseases compromise collagen quality affecting

transduction mechanism involved in collagen

maturation: in particular, in hypothyroidism

genes coding for collagen I and collagen Va1

are poorly expressed, with a marked disruption

of the architecture of the ECM [14]. This is in

contrast with the endocrine theory according to

which hyperthyroidism may be accompanied by

an increased catabolism of proteins and collagen,

probably because other intrinsic factors should

be considered, such as other metabolic pathways

and the global hormonal status.

Some studies have demonstrated that T3 neg-

atively influence normal human skin fibroblasts

by inhibiting the accumulation of glycosamino-

glycan (GAGs) and the synthesis of fibronectin

[15]. Skin fibroblasts and tenocytes have similar

characteristics in terms of cell morphology and

extracellular matrix components, and this may

explain why hypothyroidism leads to accumula-

tion of GAGs in the ECM, with a high risk of

tendon calcification and nerve compression by

mixedema as in the carpal tunnel syndrome [16].

The pattern of worsening hypoxia-induced

apoptosis supports a continuous failure of the

tendons in the rotator cuff; this is why it is

important to determine the actual size of these

effects on the functional recovery in tendon

injuries. Disorders of thyroid metabolism are a

most interesting aspect of calcific tendinopathy.

One of the most reliable theories on the genesis

of calcific tendinopathies concerns the hypothy-

roidism related reduction of oxygenation in the

rotator cuff tendons with a consequent metapla-

sia that leads to calcium deposition [17].

Clinical Aspects

It is important to underline the similitude

between skin fibroblast and tenocytes. The latter

are specialized fibroblasts that regulate the

homeostasis of ECM in mesenchymal tissues.

Recent studies used laboratory-amplified

tenocyte-like cells to manage lateral elbow

tendinopathy [18], while ultrasound-guided

injections of autologous skin-derived tendon-

like cells have been used to treat patellar

tendinopathy [19]. Proliferation of fibroblasts is

related to thyroid status. The complex

interactions between thyroid hormones and fibro-

blast growth factors regulate cells proliferation

and differentiation [20]. Ths deficiency also

leads to a decrease of tendon fibroblasts activity,

with down-regulation of the mechanism involved

in ECM/cytoskeletal remodeling. The ECM

structure becomes weaker, and tenocytes reduce

their migration under mechanical stress stimuli.

Hypothyroidism leads to hypoxia and apopto-

sis: these two conditions are greatest in mild

impingement and in partial, small, medium and

large rotator cuff tears with macroscopic deteriora-

tion of the tendons [21]. The pattern of worsening

hypoxia-induced apoptosis supports a continuous

failure of the rotator cuff and, for this reason, it is

important to determine the real size of these effects

on the functional recovery in tendon injuries.

In addition, disorders of thyroid function are

most interesting aspects of calcific tendinopathy

[22]. Tendon healing includes many sequential

processes, and disturbances at different stages of

healing may lead to different combinations of

histopathological changes, shifting the normal

healing processes to an abnormal pathway.

Patients with associated endocrine and thyroid

disorders present earlier onset of symptoms, and

longer natural history, and they undergo surgery

more frequently compared to a control popula-

tion. Hypothyroidism induces accumulation of

glycosaminoglycans (GAGs) in the extracellular

matrix, which may, in turn, predispose to tendon

calcification [3, 23]. One of the most reliable

theories on the genesis of calcific tendinopathies

concerns the reduction of oxygenation in the

rotator-cuff tendons with consequent metaplasia

that leads to calcium deposition. The association

between hypothyroidism and tendinous calcium

deposits was first analyzed in myxedematous

patients who showed synovitis of the wrists,

metacarpal joints, and flexor tendon sheaths
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thickening. Synovial fluid analysis demonstrated

the presence of intra- and extracellular crystals,

and the presence of chondrocalcinosis was dis-

tinguished from acute attacks of pseudogout,

which was not observed in most patients

[24]. In addition, a significantly increased

expression of tissue transglutaminase (tTG)

2 and its substrate, osteopontin, was detected in

the calcific areas: this shows that a variation in

expression of different genes could be peculiar in

calcific tendinopathy [25]. The etiopathogenesis

of the mechanism whereby thyroid disease could

contribute to enhance the influx of calcium

deposits into tendons and joints is still unknown.

Conclusions

The relationship between thyroid hormones and

tendons disorders is clinically relevant. The pres-

ence of high levels of thyroid receptors isoforms,

their protective action during tenocytes apoptosis

and their ability to enhance tenocyte proliferation

in vitro in healthy tendons enhance the idea of a

physiological action of THs in the homeostasis of

tendons, but does not allow to clarify the role of

THs in the pathogenesis of the rotator cuff tears.

There is increasing recognition of the prevalence

of autoimmune thyroid diseases in patients with

connective tissue disorder, highlighting a com-

mon mechanism for the pathogenesis of these

conditions [26]. THs may have a substantial

role in failing the healing response during

tendinopathies [27] Much research remains to

be performed to clarify the exact role of the Ths

in tendon tissue and their implications in tendon

tears, tendinopathies and tendon healing after

injury. Common tendinopathies affecting differ-

ent sites could be associated to disorders of thy-

roid function, but the relationship has not been

clearly defined. If this association is further con-

firmed, assessment and treatment of patients with

tendon pathologies may have to be revisited and

integrated. The natural history of tendon tears is

to progress with time. These may well produce

tendon retraction and fatty degeneration, which

make it more difficult to successfully repair a

tear. Tendons, including rotator cuff tears, seem

able to heal after surgical repair, but many factors

influence their healing: age, sex and

co-morbidities, including metabolic and endo-

crine disorders. If orthopaedic surgeons plan sur-

gical repair of ruptured tendons, it is necessary to

address the underlying conditions, because

co-morbidities increase the probability of failure

of surgical repair [28]. The knowledge of the

mechanisms that underlie the onset of tendon

pathology provides a comprehensive and multi-

disciplinary approach to the patient and leads to a

better outcome of the therapeutic strategy.
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Sex Hormones and Tendon 13
Mette Hansen and Michael Kjaer

Abstract

The risk of overuse and traumatic tendon and ligament injuries differ

between women and men. Part of this gender difference in injury risk is

probably explained by sex hormonal differences which are specifically

distinct during the sexual maturation in the teenage years and during

young adulthood. The effects of the separate sex hormones are not fully

elucidated. However, in women, the presence of estrogen in contrast to

very low estrogen levels may be beneficial during regular loading of the

tissue or during recovering after an injury, as estrogen can enhance tendon

collagen synthesis rate. Yet, in active young female athletes, physiologi-

cal high concentration of estrogen may enhance the risk of injuries due to

reduced fibrillar crosslinking and enhanced joint laxity. In men, testoster-

one can enhance tendon stiffness due to an enhanced tendon collagen

turnover and collagen content, but testosterone has also been linked to a

reduced responsiveness to relaxin. The present chapter will focus on sex

difference in tendon injury risk, tendon morphology and tendon collagen

turnover, but also on the specific effects of estrogen and androgens.
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Introduction

Sex differences in tendon and ligament injury risk

are reported. The relative risk of tearing the ante-

rior cruciate ligament (ACL) is 2–6 times greater

in young female compared to male athletes [1–3]

even after socioeconomic, health and lifestyle

background variables and the level of sports par-

ticipationhavebeen taken intoaccount [4, 5].Espe-

cially, when circulating estrogen is peaking around

the time of ovulation during the menstrual cycle

the risk of an ACL-rupture seems to be enhanced

[6, 7]. In contrast, the risk of sustaining anAchilles

rupture [8] or developing tendon pathology [9]

seems to be lower in premenopausal women com-

pared to that in men, whereas this sex discrepancy

in risk disappears after menopause [10] where the

level of estrogen is comparable between the sexes

[11]. Furthermore, the transition to the postmeno-

pausal state characterized by low estrogen levels is

associated with a dramatic increase in the preva-

lence of asymptomatic rotator cuff tears

[12]. These observations have led to a search for

the underlying mechanism(s) involved in the dis-

crepancy in the risk of injuries between men and

women and between young and elderly women. A

complex interaction involving several risk

factors is probably in play (e.g. ligamentous laxity

and size, limb alignment, notch dimensions and

decreased neuromuscular control of knee, motion

skill level and muscular strength) [13]. However,

since estrogen receptors have been localized in

tendons and ligaments [14, 15] it has been

suggested, that at least part of this gender differ-

ence in risk might be explained by sex hormonal

differences influencing tendon and ligament struc-

ture and biomechanical properties.

Sex Differences in Tendon Structure
and Biomechanical Properties

Tendon stiffness has been reported to be lower in

youngwomen thanmen during voluntary isometric

contractions using ultrasonography [16, 17]. Simi-

larly, joint laxity has repeatedly been reported to be

greater in post-pubertal women compared to

age-matched men [18–20], whereas no differences

seem to exits between pre-pubertal boys and girls

[20] and between postmenopausal men andwomen

[21]. Taken together, these observations indicate

that sex differences in tendon and ligament bio-

mechanical properties are significant in the period

of life where the sex hormonal profile is markedly

different between women and men. In line with

this, the sex disparity in ACL injury risk is peaking

in the teenage years where sex hormonal

differences are the greatest [5, 22].

Part of the sex difference in tendon and ligament

biomechanical properties is explained by a general

greater tendon size in men compared to women.

Yet, also after adjustment for body weight and

control of activity level Achilles and patellar tendon

cross-sectional area (CSA) is greater in young male

runners compared to equally trained young female

runners [17] (Fig. 13.1). Furthermore, tendon CSA

is greater in trained male runners compared to that

in untrained men, whereas no difference in tendon

CSA is reported between untrained and trained

female runners [17]. These cross-sectional data

indicate that the ability to adapt to regular training

in regards to patellar andAchilles tendon sizemight

be reduced in women in contrast to in men

[23]. However, it should be noted that low energy

availability is a common phenomenon in endurance

running, especially among young female athletes

[24, 25]. Therefore, sex difference in tendon adap-

tation to training may be confounded by hormonal

disturbances related to low energy availability such

as low estrogen and insulin-like growth factor I

(IGF-I) levels as these hormones are coupled to a

stimulating effect on tendon collagen synthesis

[26, 27]. Actually, other data supports that female

handball players seem to be able to adapt in tendon

size after long-termed regular strenuous loading of

the tissue [28]. Thus, long-term intervention studies

are needed to clarify if the is a sex difference in

tendon adaptation to training.

Tendon structural quality also seems to differ

between young men and women. Mechanical

testing of single human patellar tendon collagen

fascicles from young men and women have

shown that during loading the ultimate stress

before rupture is greater in fascicles from males

compared to those from females [23]. The sex

differences in fascicle biomechanical properties

may be related to structural differences. In young
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women, expression of Type III collagen in the

patellar tendon is higher than in men [29], which

may induce a greater elastic flexibility. In addi-

tion, women patellar tendon dry mass and colla-

gen content per tendon weight has been reported

to be lower compared to in men [30].

The tendon collagen content is determined by

the balance between collagen protein synthesis

rate and collagen protein breakdown rate (see

Chap. 8). The tendon collagen turnover is slow

and specifically recent data suggest that the ten-

don core of collagen is the same from the late

teenage years until death [31], whereas the outer

layer seems to responsive to anabolic stimuli

such as training [32–34] and probably also hor-

monal stimuli [26, 27, 35, 36]. In young healthy

women, a lower tendon collagen synthesis rate

has been reported compared to age-matched men

both at rest and in response to exercise at the

same relative intensity [37]. Patellar tendon col-

lagen synthesis rate was still enhanced over rest-

ing values 72 h after exercise in men whereas the

synthesis rate was not different from resting

values in women (Fig. 13.2). Unfortunately, the

balance between synthesis and breakdown was

not determined. Only limited validated methods

exist in relating to determining tendon collagen

breakdown rate in vivo in humans. However,

these data similarly to cross-sectional including

untrained and trained female runners [17] indi-

cate that the response to mechanical loading may

be reduced in women [23].

Influence of Estrogen on Tendon
Structural and Biomechanical
Properties

Introduction; Estrogen and Estrogen
Signaling

The effect of sex hormones may differ between

animals and human since the sex hormonal and
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menstrual profile varies considerably between

species, which questions the transferability of

results from animal studies to humans. Based

on this, the following is primarily based on

human data.

In premenopausal women 17-β estradiol is the
dominating type of estrogen. The estradiol level

in women is in general several folds higher than

in men until menopause [38, 39], but the

concentrations of sex hormones fluctuate during

the menstrual cycle. During the menses period in

the early follicular phase (FP) the concentration

of estradiol and progesterone are low, whereas

the concentration is peaking just before ovulation

(~day 14 of the regular cycle) and remains at a

high level during the following luteal phase (LP)

until next menses.

Estrogens primarily bind to the estrogen

receptors (α & β) in the nucleus, but there are

also bindings sites in the plasma membrane

[40, 41]. Estrogen receptor distribution and the

relative isoform (α- and β estrogen receptors)

predominance varies within different tissue

types and the expression is influenced by the

estrogen level [42–45]. Activation of the two

types of estrogen receptors seems to induce

both similar and opposing effects [46, 47]. -

Estrogen-binding to the receptor induce receptor

activation, but also other stimuli can indepen-

dently of estrogen-binding influence signaling

pathways linked to estrogen receptor activation

[48, 49].

Influence of Estrogen on Tendon
and Ligaments

To get closer to an elucidation of the effect of

estradiol on tendon and ligament it is relevant to

compare results from women tested in the dis-

tinct menstrual phases or women with low com-

pared to high endogenous concentrations of

estradiol independent of menstrual phases.

In a systematic review from 2006, six of nine

studies observed no significant effect of men-

strual cycle on knee laxity [50]. Nevertheless, a

meta-analysis of the data show that knee laxity

was significantly greater around ovulation, when

estrogen is peaking, medium in the LP and low-

est in the FP [50]. The findings are supported by

later data [51–53], but not all [18, 54]. The cyclic

variation in knee laxity seems to be repeated in

each menstrual cycle, but the magnitude and

pattern of cyclic changes varying greatly among

women [55]. An inverse relationship between

circulating estradiol concentration and tendon

stiffness has been observed in female handball

players independent of cycle phase [28]. Simi-

larly, cyclic changes in Genu recurvatum and

general joint laxity have been reported, which

underlines a systemic effect [55]. The greater

knee laxity associated with high levels of estro-

gen seems influence landing biomechanics [56]

and thereby the risk of injury. In support, expo-

sure to high level of estrogen reduce maximal

load to failure in rabbit anterior cruciate

ligaments [57].

Until recently, a mechanistic explanation for

the rapid changes in tendon and ligament laxity

during the cycle was missing, since it is very

unlikely that it is caused by any significant

change in collagen content within days. Though,

new in vitro findings have shown that short-term

(24 h or 48 h) exposure to physiological concen-

tration of estrogen decreases mechanical func-

tion of engineered ligaments by inhibiting the

activity (61–77 %) of the crosslinking enzyme

lysyl oxidase [58]. If the enzyme activity is simi-

larly reduced in vivo when exposed to high level

of estrogen it may explain the observations of

greater knee laxity and a risk of sustaining an

ACL injury around ovulation [58].

Inter-individual difference in the average

level of estrogen between women may also influ-

ence the tendon and ligament structure and bio-

mechanical properties over time. A positive

correlation between circulating estrogen and

human tendon collagen synthesis has been

reported [27] (Fig. 13.3). Furthermore, in elderly

hysterectomized women who were long-term

users of estrogen replacement therapy (ERT),

tendon collagen synthesis was higher and patellar

tendon relative stiffness was lower compared to

age matched postmenopausal women with very

low levels of estrogen [27]. The latter observa-

tion may be explained by a general high tendon
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collagen turnover at high levels of estrogen since

the collagen content was not changed. An

enhanced tendon collagen turnover may indi-

rectly reduce the possibilities for intra- and inter-

molecular cross-linking by enhancing the tendon

collagen turnover on the top of a probably direct

inhibiting effect on crosslinking enzymes [58]. In

line with a lower tendon collagen synthesis in

postmenopausal women not using ERT, estrogen

deficiency in rats has been associated with down-

regulation of fibroblast cell proliferation and den-

sity in the Achilles tendon [59].

It should be noted that estrogen may have

divergent effect on the biomechanical properties

of collagen rich tissues placed in anatomical

distinct positions due to a disparity in loading

profile and differences in relative distribution

and numbers of estrogen receptors (α and β)
[46, 60]. Knowledge in this field is very limited,

but as an example, high versus low circulating

estrogen in postmenopausal women has been

found to be associated with reduced relative stiff-

ness of the patellar tendon [27], which is rich in

type I collagen as most tendon and ligaments

(~60 %) [61]. Similarly, the rise in estradiol

around ovulation [50] and during pregnancy

[62] in premenopausal women is associated

which enhanced knee joint laxity. In contrast, in

arcus tendinous fasciae pelvis, which is rich in

type III collagen (82 % of the total amount of

collagen) the tensile strength of the tissue and the

susceptivility to anterior vaginal wall prolapse

are low in postmenopausel women

charachterized by low estrogen level [63]. Simi-

larly, hip joint flexibility was observed to be

lower at low estrogen levels. The latter observa-

tion may be related to the content of type I

collagen and the type I to (Type III þ IV) ratio

was observed to be lower in postmenopausal

women compared to postmenopausal women on

hormone replacement therapy (HRT) [63]. Simi-

larly, low estrogen status may be detrimental for

tendon and ligament healing [59]. In

oophorectomized rats maximal stress upon the

Achilles tendon, cell proliferation and density

was reduced compared to sham-operated

rats [59].

To sum up, effects of estrogen on tendon and

ligaments are not fully elucidated and seem to

depend on the age and the hormonal status of the

women, the specific type of tendon and ligament

in focus, and the degree of mechanical loading of

the tissue. In women, presence of estrogen in

contrast to low or lack of estrogen may be bene-

ficial when tendon and ligaments are exposure to

regular tissue loading [64] or recovering after an
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injury as shown in animal studies [59, 65], since

estrogen seem to have a stimulating effect on

type I collagen synthesis in tendon [27]. Con-

versely, in active young female athletes physio-

logical high concentration of estrogen may

enhance the risk of injuries since a high level of

estrogen seems to reduce the responsiveness to

mechanical loading in collagen synthesis [49, 66]

and is coupled to enhanced joint laxity [6]. The

latter may be coupled to a greater risk of tendon

and ligament injuries [5].

Influence of Oral Contraceptives
on Tendon and Ligaments

Worldwide more than 100 million

premenopausal women are using oral

contraceptives (OC) [67]. Nevertheless, knowl-

edge regarding the effect of OC on tendon and

ligaments is sparse. Yet, use of OC in

premenopausal women seems to influence ten-

don and ligaments differently than use of oral

administration of ERT in elderly women

[27, 36]. High endogenous estradiol is associated

with high tendon collagen synthesis [27],

whereas tendon collagen synthesis is lower in

young OC users compared to control [36]. This

may be related to OC has a marked inhibiting

effect on the IGF-I level [26, 36]. Furthermore, in

contrast to endogenous estradiol or ERT, cross-

sectional data suggest that OC use reduces knee

joint laxity in young athletes at ambient temper-

ature [53, 68, 69], but not in all studies [28, 52,

70] and not after warming up the leg to 38�

[53]. If tendon and ligament laxity is reduced in

OC users compared to non-OC users, as in men,

it might explain why OC users and men experi-

ence greater muscle damage and more delayed

muscle soreness after heavy exercise than

non-OC users [69, 71, 72], since a flexible tendon

reduces the tensile loading on the connected

muscle-tendon junctions and contractile muscle

filaments during muscle contractions [73].

Use of OC inhibits endogenous secretion of

estradiol and thereby the fluctuations in estrogen

during the menstrual cycle [74]. In conjunction

with this, the fluctuation in knee joint laxity

during the menstrual cycle disappears [53],

which diminished the enhanced risk of ACL

injury in the ovulation phase [75]. Likewise, pro-

spective data show no periodicity in non-contact

ACL injury and ankle sprains in OC users in

contrast to non-OC users. However, in the latter

trial no overall significant difference in injury

risk between groups was observed [76]. Actually,

use of OC may have negative impact on tendon

adaptation to regular training and thereby the risk

of injury in athletes based on a lower tendon

collagen synthesis rate (Fig. 13.4) and a reduced

responsiveness to mechanical loading [35, 36].

Data on the effect of OC on tendon and liga-

ment injury risk is limited. In a 12 month pro-

spective study including Swedish female soccer

players a lower rate of traumatic knee and ankle

injuries was reported in the group of OC users

(13 of 33 women) compared to in non-OC users

(29 of 51 women) [77]. Furthermore, in a study

including 4497 operatively treated ACL cases

and 8858 age-matched controls with no ACL

injury, OC use was linked to a lower relative

ACL injury risk [78]. Nevertheless, in the latter

study they did not control for sport participation

which may differ between OC and non OC users.

Furthermore, two studies have reported that OC

does not seem to exert any protective effect on
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ACL injury risk in skiers [7, 79]. Also, a higher

risk of symptomatic Achilles tendinopathy has

been reported in OC users [80]. Therefore, addi-

tional clinical studies are needed to clarify the

biological and causal association between OC

use and injury risk.

Influence of Androgen and Relaxin
on Tendon Structural
and Biomechanical Properties

Knowledge in relation to the effect of androgens

on human tendon and ligament is limited and the

exact role remains elusive. Androgen receptors

have been localized in human ACL tissue [81],

which seems to be a androgen-responsive tissue.

In women, testosterone, the most abundant

androgen, fluctuates – although at low

concentrations - during the menstrual cycle and

is enhanced around the ovulation [81]. The level

of testosterone is positively correlated with ACL

stiffness, whereas estrogen and the estrogen to

testosterone ratio are negatively correlated to

ACL stiffness [81]. Since knee laxity is enhanced

around ovulation [50] this suggests that estrogen

seems to have the dominating influence on ten-

don and ligament biomechanical properties in

women. Nevertheless, testosterone may have a

potential counteracting role. In support of the

later, animal data indicates that testosterone

changes estrogen receptor α and β expression in

upper site directions [82, 83] and reduces the

stimulating effect of estrogen on mammary epi-

thelial proliferation [83, 84].

In men, the level of testosterone is 7–8 times

higher in men than women [85] and this is cou-

pled to a higher tendon synthesis [37], a lower

knee laxity [18], whereas tendon stiffness

is higher [17]. It should be noted that the

circulating concentration of estrogen is posi-

tively correlated to high tendon collagen synthe-

sis rates in women [27]. Therefore, it can be

hypothesized that testosterone has a more pro-

nounced role on tendon and ligaments in men

than estrogen in women, but this statement

needs to be confirmed. An anabolic effect on

testosterone on tendon collagen content and

thereby tissue stiffness is supported by animal

findings showing that testosterone increases col-

lagen content in prostate [84, 86] and hip joint

capsule [87], and reduces passive range of

motion of the patellar tendon and ligament

[88]. Furthermore, in vitro findings have shown

that testosterone administration in high doses to

human cultured tenocytes increased tenocytes

number and changed the phenotype after short-

term exposure [89].

Animal data suggest that testosterone may

indirectly reduce tendon and ligament laxity by

downregulating the expression of relaxin

receptors [88] and thereby the effects of relaxin.

Relaxin is linked to activation of collagenases,

increased tendon laxity, enhanced risk of ACL

injury, but also to improved ligament healing

[90–92]. Interestingly, in contrast to testosterone,

recent animal data suggest that progesterone and

high doses of estrogen administration are cou-

pled to enhanced knee laxity and enhanced

expression of relaxin receptors [93]. Therefore,

on the top of a likely direct effect of estrogen and

androgens on tendon the sex hormones may indi-

rectly influence tissue stiffness through changing

the responsiveness to relaxin.

Testosterone may also have a positive influ-

ence on tendon and ligament adaptation to train-

ing, but the human data are primarily based on

cross-sectional data comparing men and women

[23]. Tendon synthesis rate in response to exer-

cise is greater in men than women [23]. In addi-

tion, in elderly men a greater increase in tendon

stiffness after 12 weeks of alpine skiing training

has been observed compared to in postmeno-

pausal women [94]. The latter should be seen in

light of circulating estrogen levels is comparable

between elderly men and women, whereas

circulating testosterone is still enhanced in the

men [11].

Similarly to estrogen, effect of testosterone on

tendon and ligament injury risk is probably

dependent of the physiological concentration

and balance between unbeneficial effects of

low, but also of high testosterone concentrations

induced by administration of androgens.
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Case reports indicate that high levels of testoster-

one or synthetic derivatives of testosterone may

enhance the risk of tendon and ligament injuries

[95–98]. Furthermore, analysis of human patellar

tendon morphology and mechanical properties

indicates that adaptation to strength training is

influenced by long-term use of androgenic ana-

bolic steroids [99]. This is supported by animal

data which suggests that anabolic androgenic

steroids reverse the beneficial effect of exercise

on Achilles tendon adaptation, thus resulting in

inferior maximal stress values [100]. The higher

risk of tendon rupture in anabolic steroid users

may be directly caused by a direct effect on

tendon or may also be indirectly related to the

enhanced muscle hypertrophy and gain in muscle

strength which is not balanced by a similar

degree of adaptation in the connected tendon

[101, 102].

Conclusion

Sex differences in tendon biomechanical

properties, tendon morphology and tendon colla-

gen turnover suggests that sex hormones play an

explanatory role in relation to injury risk. How-

ever, it is difficult to sort out the isolated effect of

the sex hormones in cross-sectional studies com-

paring women and men or users and non-users of

sex hormonal administration, since the groups

may differ in many other ways e.g. training status.

Nevertheless, both estrogen and testosterone in

balanced physiological concentration seems to

be important for tendon health and physical func-

tion, whereas very low or high concentrations of

endogenous or exogenous administrated sex

hormones may led to an enhanced risk of injuries

and inadequate adaptation to mechanical loading.

The research up to now has primarily focused

on the ACL, Achilles, and the patellar tendon.

The future may elucidate whether sex hormones

influence tendons and ligaments differently

depending on their localization and function.

References

1. Arendt E, Dick R (1995) Knee injury patterns among

men and women in collegiate basketball and soccer.

Ncaa data and review of literature. Am J Sports Med

23:694–701

2. Prodromos CC, Han Y, Rogowski J et al (2007) A

meta-analysis of the incidence of anterior cruciate

ligament tears as a function of gender, sport, and a

knee injury-reduction regimen. Arthroscopy

23:1320–1325, e6

3. Powell JW, Barber-Foss KD (2000) Sex-related

injury patterns among selected high school sports.

Am J Sports Med 28:385–91

4. Parkkari J, Pasanen K, Mattila VM et al (2008) The

risk for a cruciate ligament injury of the knee in

adolescents and young adults: a population-based

cohort study of 46 500 people with a 9 year follow-

up. Br J Sports Med 42:422–6

5. Renstrom P, Ljungqvist A, Arendt E et al (2008)

Non-contact acl injuries in female athletes: an inter-

national olympic committee current concepts state-

ment. Br J Sports Med 42:394–412

6. Hewett TE, Zazulak BT, Myer GD (2007) Effects of

the menstrual cycle on anterior cruciate ligament

injury risk: a systematic review. Am J Sports Med

35:659–68

7. Lefevre N, Bohu Y, Klouche S et al (2013) Anterior

cruciate ligament tear during the menstrual cycle in

female recreational skiers. Orthop Traumatol Surg

Res 99:571–5

8. Huttunen TT, Kannus P, Rolf C et al (2014) Acute

achilles tendon ruptures: incidence of injury and

surgery in Sweden between, 2001 and 2012. Am J

Sports Med 42:2419–23

9. Cook JL, Khan KM, Kiss ZS et al (2000) Patellar

tendinopathy in junior basketball players: a con-

trolled clinical and ultrasonographic study of

268 patellar tendons in players aged 14–18 years.

Scand J Med Sci Sports 10:216–220

10. Maffulli N, Waterston SW, Squair J et al (1999)

Changing incidence of Achilles tendon rupture in

Scotland: a 15-year study. Clin J Sport Med

9:157–60

11. Smith GI, Atherton P, Villareal DT et al (2008)

Differences in muscle protein synthesis and anabolic

signaling in the postabsorptive state and in response

to food in 65–80 year old men and women. PLoS

ONE 3, e1875

12. Abate M, Schiavone C, Di Carlo L et al (2014) Prev-

alence of and risk factors for asymptomatic rotator

cuff tears in postmenopausal women. Menopause

21:275–80

13. Hewett TE, Myer GD, Ford KR (2006) Anterior

cruciate ligament injuries in female athletes: part

146 M. Hansen and M. Kjaer



1, mechanisms and risk factors. Am J Sports Med

34:299–311

14. Liu SH, Shaikh a R, Panossian V et al (1996) Pri-

mary immunolocalization of estrogen and progester-

one target cells in the human anterior cruciate

ligament. J Orthop Res 14:526–533

15. Hart DA, Archambault JM, Kydd A et al (1998)

Gender and neurogenic variables in tendon biology

and repetitive motion disorders. Clin Orthop Relat

Res 44–56

16. Onambele GN, Burgess K, Pearson SJ (2007)

Gender-specific in vivo measurement of the struc-

tural and mechanical properties of the human patel-

lar tendon. J Orthop Res 25:1635–1642

17. Westh E, Kongsgaard M, Bojsen-Moller J

et al (2008) Effect of habitual exercise on the struc-

tural and mechanical properties of human tendon,

in vivo, in men and women. Scand J Med Sci Sports

18:23–30

18. Pollard CD, Braun B, Hamill J (2006) Influence of

gender, estrogen and exercise on anterior knee lax-

ity. Clin Biomech (Bristol, Avon) 21:1060–1066

19. Deep K (2014) Collateral ligament laxity in knees:

what is normal? Clin Orthop Relat Res 472:3426–31

20. Quatman CE, Ford KR, Myer GD et al (2008) The

effects of gender and pubertal status on generalized

joint laxity in young athletes. J Sci Med Sport

11:257–63

21. Burgess KE, Pearson SJ, Breen L et al (2009) Ten-

don structural and mechanical properties do not dif-

fer between genders in a healthy community-

dwelling elderly population. J Orthop Res

27:820–825

22. Shea KG, Pfeiffer R, Wang JH et al (2004) Anterior

cruciate ligament injury in pediatric and adolescent

soccer players: an analysis of insurance data. J

Pediatr Orthop 24:623–8

23. Magnusson SP, Hansen M, Langberg H et al (2007)

The adaptability of tendon to loading differs in men

and women. Int J Exp Pathol 88:237–240

24. Melin A, Tornberg AB, Skouby S et al (2015)

Energy availability and the female athlete triad in

elite endurance athletes. Scand J Med Sci Sports

25:610–22

25. Mountjoy M, Sundgot-Borgen J, Burke L

et al (2014) The ioc consensus statement: beyond

the female athlete triad–relative energy deficiency

in sport (red-s). Br J Sports Med 48:491–7

26. Hansen M, Boesen A, Holm L et al (2012) Local

administration of insulin-like growth factor-i (igf-i)

stimulates tendon collagen synthesis in humans.

Scand J Med Sci Sports 23(5):614–619, Epub

ahead of print

27. Hansen M, Kongsgaard M, Holm L et al (2009)

Effect of estrogen on tendon collagen synthesis, ten-

don structural characteristics, and biomechanical

properties in postmenopausal women. J Appl Physiol

106:1385–1393

28. Hansen M, Couppe C, Hansen CS et al (2013)

Impact of oral contraceptive use and menstrual

phases on patellar tendon morphology, biochemical

composition, and biomechanical properties in female

athletes. J Appl Physiol (1985) 114:998–1008

29. Sullivan BE, Carroll CC, Jemiolo B et al (2009)

Effect of acute resistance exercise and sex on

human patellar tendon structural and regulatory

mrna expression. J Appl Physiol 106:468–475

30. Lemoine JK, Lee JD, Trappe TA (2009) Impact of

sex and chronic resistance training on human patellar

tendon dry mass, collagen content, and collagen

cross-linking. Am J Physiol Regul Integr Comp

Physiol 296:R119–R124

31. Heinemeier KM, Schjerling P, Heinemeier J

et al (2013) Lack of tissue renewal in human adult

achilles tendon is revealed by nuclear bomb (14)c.

FASEB J 27:2074–9

32. Miller BF, Olesen JL, Hansen M et al (2005) Coor-

dinated collagen and muscle protein synthesis in

human patella tendon and quadriceps muscle after

exercise. J Physiol 567:1021–1033

33. Kongsgaard M, Reitelseder S, Pedersen TG

et al (2007) Region specific patellar tendon hyper-

trophy in humans following resistance training. Acta

Physiol (Oxf) 191:111–121

34. Couppe C, Kongsgaard M, Aagaard P et al (2008)

Habitual loading results in tendon hypertrophy and

increased stiffness of the human patellar tendon. J

Appl Physiol 105:805–810

35. Hansen M, Koskinen S, Petersen SG et al (2008)

Ethinyl estradiol administration in women

suppresses synthesis of collagen in tendon in

response to exercise. J Physiol 586:3005–3016

36. Hansen M, Miller BF, Holm L et al (2009) Effect of

administration of oral contraceptives in vivo on colla-

gen synthesis in tendon and muscle connective tissue

in young women. J Appl Physiol 106:1435–1443

37. Miller BF, Hansen M, Olesen JL et al (2006) Tendon

collagen synthesis at rest and after exercise in

women. J Appl Physiol 102:541–546

38. Stricker R, Eberhart R, Chevailler MC et al (2006)

Establishment of detailed reference values for

luteinizing hormone, follicle stimulating hormone,

estradiol, and progesterone during different phases

of the menstrual cycle on the abbott architect ana-

lyzer. Clin Chem Lab Med 44:883–7

39. Dighe AS, Moy JM, Hayes FJ et al (2005) High-

resolution reference ranges for estradiol, luteinizing

hormone, and follicle-stimulating hormone in men

and women using the axsym assay system. Clin

Biochem 38:175–9

40. Hewitt SC, Deroo BJ, Korach KS (2005) Signal

transduction. A new mediator for an old hormone?

Science 307:1572–1573

41. Revankar CM, Cimino DF, Sklar LA et al (2005) A

transmembrane intracellular estrogen receptor

mediates rapid cell signaling. Science

307:1625–1630

13 Sex Hormones and Tendon 147



42. Hoyland JA, Baris C, Wood L et al (1999) Effect of

ovarian steroid deficiency on oestrogen receptor

alpha expression in bone. J Pathol 188:294–303

43. Lim SK, Won YJ, Lee HC et al (1999) A PCR

analysis of ERalpha and ERbeta mRNA abundance

in rats and the effect of ovariectomy. J Bone Miner

Res 14:1189–1196

44. Press MF, Nousek-Goebl N, King WJ et al (1984)

Immunohistochemical assessment of estrogen recep-

tor distribution in the human endometrium through-

out the menstrual cycle. Lab Invest 51:495–503

45. Sciore P, Frank CB, Hart DA (1998) Identification of

sex hormone receptors in human and rabbit

ligaments of the knee by reverse transcription-

polymerase chain reaction: evidence that receptors

are present in tissue from both male and female

subjects. J Orthop Res 16:604–610

46. Matthews J, Gustafsson JA (2003) Estrogen signal-

ing: a subtle balance between ER alpha and ER beta.

Mol Interv 3:281–292

47. Saxon LK, Turner CH (2005) Estrogen receptor

beta: the antimechanostat? Bone 36:185–192

48. Lee KC, Lanyon LE (2004) Mechanical loading

influences bone mass through estrogen receptor

alpha. Exerc Sport Sci Rev 32:64–68

49. Tobias JH (2003) At the crossroads of skeletal

responses to estrogen and exercise. Trends

Endocrinol Metab 14:441–443

50. Zazulak BT, Paterno M, Myer GD et al (2006) The

effects of the menstrual cycle on anterior knee laxity:

a systematic review. Sports Med 36:847–862

51. Park SK, Stefanyshyn DJ, Loitz-Ramage B

et al (2009) Changing hormone levels during the

menstrual cycle affect knee laxity and stiffness in

healthy female subjects. Am J Sports Med

37:588–98

52. Hicks-Little CA, Thatcher JR, Hauth JM et al (2007)

Menstrual cycle stage and oral contraceptive effects

on anterior tibial displacement in collegiate female

athletes. J Sports Med Phys Fitness 47:255–60

53. Lee H, Petrofsky JS, Daher N et al (2014)

Differences in anterior cruciate ligament elasticity

and force for knee flexion in women: oral contracep-

tive users versus non-oral contraceptive users. Eur J

Appl Physiol 114:285–94

54. Eiling E, Bryant AL, Petersen W et al (2007) Effects

of menstrual-cycle hormone fluctuations on

musculotendinous stiffness and knee joint laxity.

Knee Surg Sports Traumatol Arthrosc 15:126–132

55. Shultz SJ, Levine BJ, Nguyen AD et al (2010) A

comparison of cyclic variations in anterior knee lax-

ity, genu recurvatum, and general joint laxity across

the menstrual cycle. J Orthopaedic Res 28:1411–7

56. Shultz SJ, Schmitz RJ, Kong Y et al (2012) Cyclic

variations in multiplanar knee laxity influence land-

ing biomechanics. Med Sci Sports Exerc 44:900–9

57. Slauterbeck J, Clevenger C, Lundberg W et al (1999)

Estrogen level alters the failure load of the rabbit

anterior cruciate ligament. J Orthop Res 17:405–408

58. Lee CA, Lee-Barthel A, Marquino L et al (2015)

Estrogen inhibits lysyl oxidase and decreases

mechanical function in engineered ligaments. J

Appl Physiol (1985) 118:1250–7

59. Circi E, Akpinar S, Balcik C et al (2009) Bio-

mechanical and histological comparison of the influ-

ence of oestrogen deficient state on tendon healing

potential in rats. Int Orthop 33(5):1461–1466

60. Huisman ES, Andersson G, Scott A et al (2014)

Regional molecular and cellular differences in the

female rabbit achilles tendon complex: potential

implications for understanding responses to loading.

J Anat 224:538–47

61. Kjaer M (2004) Role of extracellular matrix in adap-

tation of tendon and skeletal muscle to mechanical

loading. Physiol Rev 84:649–698

62. Charlton WP, Coslett-Charlton LM, Ciccotti MG

(2001) Correlation of estradiol in pregnancy and

anterior cruciate ligament laxity. Clin Orthop Relat

Res 165–170

63. Moalli PA, Talarico LC, Sung VW et al (2004)

Impact of menopause on collagen subtypes in the

arcus tendineous fasciae pelvis. Am J Obstet

Gynecol 190:620–627

64. Cook JL, Bass SL, Black JE (2007) Hormone ther-

apy is associated with smaller achilles tendon diam-

eter in active post-menopausal women. Scand J Med

Sci Sports 17:128–132

65. Torricelli P, Veronesi F, Pagani S et al (2013) In

vitro tenocyte metabolism in aging and oestrogen

deficiency. Age (Dordr) 35:2125–36

66. Lee CY, Liu X, Smith CL et al (2004) The combined

regulation of estrogen and cyclic tension on fibro-

blast biosynthesis derived from anterior cruciate lig-

ament. Matrix Biol 23:323–329

67. Christin-Maitre S (2013) History of oral contracep-

tive drugs and their use worldwide. Best Pract Res

Clin Endocrinol Metab 27:3–12

68. Martineau PA, Al-Jassir F, Lenczner E et al (2004)

Effect of the oral contraceptive pill on ligamentous

laxity. Clin J Sport Med 14:281–286

69. Lee H, Petrofsky JS, Yim J (2015) Do oral

contraceptives alter knee ligament damage with

heavy exercise? Tohoku J Exp Med 237:51–6

70. Pokorny MJ, Smith TD, Calus SA et al (2000) Self-

reported oral contraceptive use and peripheral joint

laxity. J Orthop Sports Phys Ther 30:683–692

71. Minahan C, Joyce S, Bulmer AC et al (2015) The

influence of estradiol on muscle damage and leg

strength after intense eccentric exercise. Eur J Appl

Physiol 115:1493–500

72. Savage KJ, Clarkson PM (2002) Oral contraceptive

use and exercise-induced muscle damage and recov-

ery. Contraception 66:67–71

148 M. Hansen and M. Kjaer



73. Hicks KM, Onambele-Pearson GL, Winwood K

et al (2013) Gender differences in fascicular length-

ening during eccentric contractions: the role of the

patella tendon stiffness. Acta Physiol (Oxf)

209:235–44

74. Jung-Hoffmann C, Fitzner M, Kuhl H (1991) Oral

contraceptives containing 20 or 30 micrograms

ethinylestradiol and 150 micrograms desogestrel:

pharmacokinetics and pharmacodynamic

parameters. Horm Res 36:238–246

75. Wojtys EM, Huston LJ, Boynton MD et al (2002)

The effect of the menstrual cycle on anterior cruciate

ligament injuries in women as determined by hor-

mone levels. Am J Sports Med 30:182–188

76. Agel J, Bershadsky B, Arendt EA (2006) Hormonal

therapy: ACL and ankle injury. Med Sci Sports

Exerc 38:7–12

77. Moller-Nielsen J, Hammar M (1989) Women’s soc-

cer injuries in relation to the menstrual cycle and oral

contraceptive use. Med Sci Sports Exerc 21:126–129

78. Rahr-Wagner L, Thillemann TM, Mehnert F

et al (2014) Is the use of oral contraceptives

associated with operatively treated anterior cruciate

ligament injury? A case-control study from the Dan-

ish Knee Ligament Reconstruction Registry. Am J

Sports Med 42:2897–905

79. Ruedl G, Ploner P, Linortner I et al (2009) Are oral

contraceptive use and menstrual cycle phase related

to anterior cruciate ligament injury risk in female

recreational skiers? Knee Surg Sports Traumatol

Arthrosc 17:1065–9

80. Holmes GB, Lin J (2006) Etiologic factors

associated with symptomatic achilles tendinopathy.

Foot Ankle Int 27:952–959

81. Lovering RM, Romani WA (2005) Effect of testos-

terone on the female anterior cruciate ligament. Am J

Physiol Regul Integr Comp Physiol 289:R15–R22

82. Asano K, Maruyama S, Usui T et al (2003) Regulation

of estrogen receptor alpha and beta expression by tes-

tosterone in the rat prostate gland. Endocr J 50:281–7

83. Dimitrakakis C, Zhou J, Wang J et al (2003) A

physiologic role for testosterone in limiting estro-

genic stimulation of the breast. Menopause 10:292–8

84. Srinivasan N, Aruldhas MM, Govindarajulu P (1986)

Sex steroid-induced changes in collagen of the pros-

tate and seminal vesicle of rats. J Androl 7:55–8

85. Torjesen PA, Sandnes L (2004) Serum testosterone

in women as measured by an automated immunoas-

say and a ria. Clin Chem 50:678, author reply 678-9

86. Zhou J, Ng S, Adesanya-Famuiya O et al (2000)

Testosterone inhibits estrogen-induced mammary

epithelial proliferation and suppresses estrogen

receptor expression. FASEB J 14:1725–30

87. Hama H, Yamamuro T, Takeda T (1976) Experi-

mental studies on connective tissue of the capsular

ligament. Influences of aging and sex hormones.

Acta Orthop Scand 47:473–479

88. Dehghan F, Muniandy S, Yusof A et al (2014) Tes-

tosterone reduces knee passive range of motion and

expression of relaxin receptor isoforms via 5alpha-

dihydrotestosterone and androgen receptor binding.

Int J Mol Sci 15:4619–34

89. Denaro V, Ruzzini L, Longo UG et al (2010) Effect

of dihydrotestosterone on cultured human tenocytes

from intact supraspinatus tendon. Knee Surg Sports

Traumatol Arthrosc 18:971–6

90. Dehghan F, Haerian BS, Muniandy S et al (2014)

The effect of relaxin on the musculoskeletal system.

Scand J Med Sci Sports 24:e220–9

91. Dragoo JL, Castillo TN, Braun HJ et al (2011) Pro-

spective correlation between serum relaxin concen-

tration and anterior cruciate ligament tears among

elite collegiate female athletes. Am J Sports Med

39:2175–80

92. Pearson SJ, Burgess KE, Onambele GL (2011)

Serum relaxin levels affect the in vivo properties of

some but not all tendons in normally menstruating

young women. Exp Physiol 96:681–688

93. Dehghan F, Yusof A, Muniandy S et al (2015) Estro-

gen receptor (ER)-alpha, beta and progesterone

receptor (PR) mediates changes in relaxin receptor

(RXFP1 and RXFP2) expression and passive range

of motion of rats’ knee. Environ Toxicol Pharmacol

40:785–791

94. Seynnes OR, Koesters A, Gimpl M et al (2011)

Effect of alpine skiing training on tendon mechanical

properties in older men and women. Scand J Med Sci

Sports 21(Suppl 1):39–46

95. Freeman BJ, Rooker GD (1995) Spontaneous rup-

ture of the anterior cruciate ligament after anabolic

steroids. Br J Sports Med 29:274–5

96. Hill JA, Suker JR, Sachs K et al (1983) The athletic

polydrug abuse phenomenon. A case report. Am J

Sports Med 11:269–71

97. Kramhoft M, Solgaard S (1986) Spontaneous rupture

of the extensor pollicis longus tendon after anabolic

steroids. J Hand Surg (Br) 11:87

98. Kanayama G, DeLuca J, MeehanWP 3rd et al (2015)

Ruptured tendons in anabolic-androgenic steroid

users: a cross-sectional cohort study. Am J Sports

Med 43:2638–44

99. Seynnes OR, Kamandulis S, Kairaitis R et al (2013)

Effect of androgenic-anabolic steroids and heavy

strength training on patellar tendon morphological

and mechanical properties. J Appl Physiol (1985)

115:84–9

100. Tsitsilonis S, Chatzistergos PE, Mitousoudis AS

et al (2014) Anabolic androgenic steroids reverse

the beneficial effect of exercise on tendon biome-

chanics: an experimental study. Foot Ankle Surg

20:94–9

101. Bhasin S, Storer TW, Berman N et al (1996) The

effects of supraphysiologic doses of testosterone on

muscle size and strength in normal men. N Engl J

Med 335:1–7

102. Bhasin S, Woodhouse L, Storer TW (2001) Proof

of the effect of testosterone on skeletal muscle. J

Endocrinol 170:27–38

13 Sex Hormones and Tendon 149



Tendon Homeostasis
in Hypercholesterolemia 14
Louis J. Soslowsky and George W. Fryhofer

Abstract

Hypercholesterolemia is a serious health problem that is associated not

only with heart disease, but also tendon pathology. In high cholesterol

environments (e.g. familial hyperlipidemia), lipids accumulate within the

tendon extracellular matrix and form deposits called xanthomas. Lipid-

related changes are known to affect several tendon mechanical properties,

including stiffness and modulus, in uninjured and injured tendons, alike.

Mechanisms to explain these cholesterol-related changes are multiple,

including alterations in tenocyte gene and protein expression, matrix

turnover, tissue vascularity, and cytokine production. Clinically, rotator

cuff tear and Achilles tendon rupture are clearly associated with metabolic

derangements, and elevated total cholesterol is often among the specific

metabolic parameters implicated. Treatment of hypercholesterolemia

using statin medications has also been shown to affect tendon properties,

resulting in normalization of tendon thickness and improved tendon

healing. Despite current work, the pathophysiology of lipid-related tendon

pathology remains incompletely understood, and additional hypothesis-

generating studies, including those incorporating whole-genome and

whole-transcriptome technologies, will help to point the field in new

directions.
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BMI body mass index

BMP-2 bone morphogenetic protein 2

CEL celecoxib

COX2 cyclooxygenase 2

CSA cross-sectional area

CXCL3 chemokine (C-X-C motif) ligand 3

FH familial hyperlipidemia

GTPase hydrolase enzyme that binds and

hydrolyzes guanosine triphosphate

(GTP)

HC high cholesterol

HDL high-density lipoprotein

IL-6,-8 interleukin-6,-8

LDL low-density lipoprotein

MMP matrix metalloproteinase

PGE2 prostaglandin E2

Rap1a Ras-related protein Rap-1A

RC rotator cuff

S-20 low-dose simvastatin

S-80 high-dose simvastatin

TNF-alpha tumor necrosis factor alpha

TX- patients without tendon xanthomas

TX+ patients with tendon xanthomas

Introduction

Clinical and Scientific Motivation
for Study of Lipid-Related Tendon
Pathology

Hypercholesterolemia – defined by the American

Heart Association as a total serum cholesterol

concentration of 240 mg/dL or higher – is a

serious health problem in the United States and

around the world. As of 2012, 12.9 % of the US

population aged 20 and older had high total

cholesterol [1].

Hypercholesterolemia is associated with heart

disease [2, 3] and is why cholesterol-lowering

drugs are some of the most widely prescribed

medications in our healthcare system. Hypercho-

lesterolemia is also associated with tendon pathol-

ogy, and, in patients genetically predisposed to

hypercholesterolemia, there are increased rates

of tendon rupture [2–4] (see Chap. 10).

Given the dual associations of high choles-

terol with both heart disease and tendon pathol-

ogy, it is perhaps not surprising that changes in

tendon structure have also been associated with

ischemic heart disease [5]. Importantly, patients

who suffer from lipid-related tendon pathology

may not actually be aware of their high choles-

terol state and accompanying risk for heart dis-

ease. For example, in one case series of

41 patients who underwent surgical treatment

for Achilles tendon rupture, serum total choles-

terol was elevated in 83 %, but only 19 % of

patients were aware of their condition [6].

Thus, the motivation to understand the link

between tendinopathy and hypercholesterolemia

in humans is twofold. First, the continued accu-

mulation of clinical data demonstrating an irre-

futable link between hypercholesterolemia and

tendon pathology may provide additional clinical

motivation for patients with tendon-related

complaints (who are also at risk for heart disease)

to seek treatment for their high cholesterol. Sec-

ond, the study of lipid-related tendon dysfunction

provides a clinically-relevant model for

clinicians and researchers to better understand

the underlying pathophysiology of lipid-related

tendinopathy as well as tendinopathy in general,
neither of which is fully understood.

How Lipids AccumulateWithin Tendons;
Formation of Tendon Xanthoma

High serum cholesterol (also referred to as “lipid”)

levels allow for the accumulation of oxidized -

low-density lipoproteins (LDL), which are choles-

terol carrier proteins that include modified

phospholipids and cholesterols, isoprostanes,

oxidized arachidonoyl residues, lysolipids, and

lysophosphatidic acid [7]. Many of these oxidized

lipids possess platelet stimulatory properties,

which in the context of heart disease contribute

to arterial thrombus formation after rupture of

atherosclerotic plaques. In addition to platelet acti-

vation, LDL also produces a more general local

inflammatory response and contributes to cell

death through activation of the intrinsic apoptotic

signaling pathway within mitochondria [8].
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The clinical manifestation of lipid accumula-

tion in human tendons is a tendon xanthoma and

represents the major tendon pathology observed

in patients with familial dyslipidemias.

Xanthomas are collections of lipid-laden

macrophages around tendon. By dry weight,

xanthomas are composed of 33 % lipids and

24 % collagen [9]. The lipid component is

made up of 55 % free cholesterol, 28 %

cholesterolesters, and 13 % phospholipids

[10]. Unesterified cholesterol accumulates

mostly within the extracellular space, whereas

esterified cholesterol accumulates in both extra-

and intracellular spaces in the form of

intracytoplasmic lipid vacuoles, lysosomes, and

myelin figures [8, 11, 12].

Lipids found within xanthomas are derived

from circulating plasma rather than synthesized

locally [13]. It has been proposed that, after leav-

ing the circulation, initially unmodified LDL

becomes trapped in the collagen and glycosami-

noglycans of the tendon matrix, at which point

the LDL is oxidized by local factors produced by

macrophages. Macrophages then take up the now

oxidized LDL, which results in the accumulation

of lipid-laden macrophages, known as foam cells

(Fig. 14.1) [14–18].

Hypercholesterolemia and Tendon
Pathology are Clinically Linked

Familial Dyslipidemias and Their
Association With Tendon Pathology
Lipid-related tendon pathology is most prevalent

among patients affected by familial

dyslipidemias. The major familial

hyperlipidemias can be classified into 5–6 types

(Table 14.1) (see Chap. 10) [19, 20].

Types II and III are associated with xanthoma

formation (Fig. 14.2). Type II is an autosomal

dominant disorder and is associated with

tendinopathy and xanthomas that occur within

the tendon substance. Xanthomas are more

Cellular 
oxidants

Native
LDL

Native Tendon
(collagen, tenocytes)

Tendon in High
Cholesterol Environment 

2 3 Foam cell

Ox-LDL 4Xanthoma

1
Macrophage

Circulating monocytes

Fig. 14.1 Diagram illustrating how accumulation of
oxidized LDL in a high cholesterol environment results
in tendon pathology. (1) Entry of native LDL from cir-

culation into interstitial compartment. (2) Cellular

oxidants produced by macrophages and other inflamma-

tory cells react with native LDL to form oxidized LDL

(Ox-LDL). Ox-LDL recruits monocytes from the

circulation (green arrow). Ox-LDL also impairs macro-

phage motility and blocks the macrophage’s return to the

circulation (red arrow). (3) Macrophages engulf Ox-LDL

via scavenger receptors, resulting in foam cell formation.

(4) Foam cells accumulate within the tendon substance,

forming a tendon xanthoma
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common in homozygous type II hyperlipidemia

and typically develop in childhood. In contrast,

xanthomas present later and are less common in

patients with heterozygous type II hyperlipid-

emia [20]. Type III familial hyperlipidemia is

an autosomal recessive disorder and is associated

with xanthomas that occur superficial to tendons

and involve extensor surfaces as well as the plan-

tar crease. Unlike xanthomas in type II disease,

xanthomas in type III disease are typically

asymptomatic.

In addition to the 5 types of familial hyperlipid-

emia already described, cerebrotendinous

xanthomatosis and sitoserolemia are two additional

rare autosomal disorders, which, respectively,

result in accumulation of either dihydrocholesterol

or plant sterols. These two disorders are associated

with tendon xanthomas, but not tendonitis

[21]. Finally, hyperlipidemia secondary to thyroid

disorders or diabetes has also been associated with

xanthoma formation [22].

Clinically, xanthomas may or may not be symp-

tomatic and can be detected by MRI or ultrasound

earlier than by clinical exam alone (Fig. 14.2). On

ultrasound, Achilles abnormalities may be graded

1–3 (Table 14.2) [8, 14]. Tendon involvement can

be unilateral or bilateral, and patients who are

symptomatic may report up to 12 attacks of pain

per year [4]. In one study of 73 patients with

heterozygous type II hyperlipidemia, 18 % of

patients reported Achilles pain, and in 11 % of

patients there was evidence of tendonitis

[14]. A subsequent cross-sectional study reported

that 46.6 % of patients with familial heterozygous

type II hyperlipidemia had one or more episodes

Table 14.1 Fredrickson/World Health Organization classification of hyperlipidemias

Type Elevated lipoprotein(s) Lipids elevated Tendon pathology?

I Chylomicrons Triglycerides –

IIa LDL Cholesterol +, Within tendon

IIb LDL, VLDL Cholesterol > triglycerides Rare

III IDL (VLDL remnants), chylomicrons Cholesterol, triglycerides �, Over tendon

IV VLDL Triglycerides –

V VLDL, chylomicrons Triglycerides > cholesterol –

Abbreviations: LDL low-density lipoprotein, VLDL very low-density lipoprotein, IDL intermediate-density lipoprotein

Fig. 14.2 Tendon xanthomas in familial hyper-
lipidemia. (a), Achilles tendon xanthoma (type IIa hyper-

lipidemia). (b), Tendon xanthomata on dorsum of hand

(type IIa hyperlipidemia) (Reproduced from Durrington

[19], Copyright # 2003 Elsevier Ltd., with permission

from Elsevier)

Table 14.2 Sonographic grading of tendon xanthoma

Grade Description

1 Normal, or minor sonographic changes

2 Diffuse heterogenous echo pattern

3 Focal hypoechoic lesions
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of Achilles pain lasting longer than 3 days, as

compared to 6.9 % of unaffected controls [23].

Hypercholesterolemia is Also Associated
With Tendon Pathology in Patients
Without Familial Hyperlipidemia
A number of clinical observational studies have

also been performed to identify an association

between tendon injury and hypercholesterolemia

in patients who do not have familial

hyperlipidemia.

Hypercholesterolemia has been implicated as

a risk factor for rotator cuff injury, but the evi-

dence is mixed. For example, in one case–control

study, patients with rotator cuff (RC) tendon rup-

ture were age-matched against patients seen for

non-tendon-related shoulder complaints

[24]. Patients with RC tear had significantly ele-

vated serum triglyceride, LDL, and total choles-

terol; there was a trend toward decreased serum

high-density lipoprotein (HDL). However, in

another study, there was no association between

tendinopathy and hypercholesterolemia

[25]. And in a population of postmenopausal

women, RC tear was associated with increased

body mass index (BMI), increased fasting glu-

cose, and decreased HDL – but not total choles-

terol or triglycerides [26].

Hypercholesterolemia has also been identified

as a risk factor for Achilles tendon injury in

patients without familial hyperlipidemia

(Fig. 14.3). In one case–control study, the

association between tendon injury and hypercho-

lesterolemia was significant. Among patients with

Achilles tendon rupture, concentrations of total

cholesterol and LDL cholesterol were higher; tri-

glyceride and very low-density lipoprotein choles-

terol were higher; and HDL cholesterol was lower

compared to controls [27]. In a separate study of

Achilles tendinopathy, ultrasound detected

entheseal alteration in 100 % of symptomatic

patients compared to 13.3 % of asymptomatic

patients [28]. Symptomatic patients had signifi-

cantly higher BMI, higher blood glucose, and

increased risk for osteoarthritis; in symptomatic

patients, there were also trends toward increased

total cholesterol and decreased HDL.

Taken together, these data suggest that at least

some degree of metabolic derangement is

associated with tendinopathy. However, the

degree to which elevated total cholesterol specif-
ically contributes to tendinopathy may be less

predictable among varying patient populations

and differing injury patterns.

In the remaining sections of this chapter, we

will discuss:

1. How properties of uninjured tendon are

altered by hypercholesterolemia

2. How properties of injured tendon, including

healing response, are altered by

hypercholesterolemia

3. How tendon properties are altered by pharma-

cologic treatment of hypercholesterolemia

Fig. 14.3 Sonographic appearance of the Achilles ten-
don. (a), 22-year-old normal male subject – sagittal

sonogram of the Achilles tendon (!) shows a fibrillar

pattern characterized by the presence of multiple parallel

linear echoes. (b), 21-year-old patient with familial

hypercholesterolaemia (FH) – axial sonogram of the

Achilles tendon demonstrates a focal hypoechoic lesion

(white markers) suggestive of Achilles tendon xanthomas

(ATX). (c), 25- year-old male patient with FH – sagittal

sonogram of the Achilles tendon (black arrowheads)
demonstrates a diffuse heterogeneous echo pattern

(Reproduced from Tsouli et al. [14], Copyright # 2015

by John Wiley & Sons, Inc, with permission from Wiley)
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4. Summary and future directions for the study of

tendon homeostasis in hypercholesterolemia

Uninjured Tendon Properties In
Hypercholesterolemia

Pathophysiology of Cholesterol-Related
Changes in Uninjured Tendon

Changes in Tendon Microenvironment
Structural alterations of the tendon microenvi-

ronment may represent one mechanism by

which high cholesterol environments alter ten-

don homeostasis. For example, in chick embry-

onic fibroblasts, exposure to

hypercholesterolemic serum was associated

with decreased synthesis of non-collagenous

proteins and decreased incorporation of extracel-

lular matrix components [29]. Changes in the

tendon microenvironment in response to hyper-

cholesterolemia have also been studied in a rab-

bit model of heritable hyperlipidemia [30]. In

this model, lipid-related tendon xanthomas were

identified in the plantar side of the plantaris ten-

don, the flexor retinaculum of the carpus, and

around the digital flexor tendons of each joint

level. Xanthomatous components were localized

to the superficial paratenon of tendons wrapping

around bony or fibrous pulleys, and there was

increased vascularity throughout tendon tissues.

Together, these data suggest that elevated cho-

lesterol levels may alter the tendon microenvi-

ronment via local changes in protein synthesis
and extracellular matrix composition/turnover.

Furthermore, areas of increased mechanical

stress and increased vascularity within tendon

tissue may predispose to lipid-related tendon

pathology.

Changes in Gene Expression
In addition to local changes in the tendon micro-

environment, differential gene expression may

represent another mechanism by which high cho-

lesterol environments alter tendon homeostasis.

For example, macrophages derived from patients

with tendon xanthomas (TX+) are more likely

than macrophages from patients without tendon

xanthoma (TX�) to form foam cells with differ-

ential gene expression [31]. TX+ patients also

have higher plasma levels of inflammatory

cytokines (TNF-alpha, IL-8, IL-6), and TX+

macrophages produce higher concentrations of

IL-8 in response to oxidized LDL when com-

pared to TX- macrophages [32]. CXCL3 gene

expression is also higher in macrophages from

TX+ patients and is positively correlated with

thickness of the Achilles tendon in the specific

patient from which the macrophage is derived.

These data suggest a role for increased inflam-

matory gene expression and increased cytokine
production to explain why some patients with

familial hyperlipidemia experience lipid-related

tendon pathology, while other patients do not.

Clinical observational studies have also

attempted to uncover a genetic basis for

xanthoma formation among patients with famil-

ial hyperlipidemia. In patients with heterozygous

familial hyperlipidemia, the presence of tendon

xanthoma is associated with age, male gender,

LDL cholesterol levels, and triglyceride level.

The presence of xanthoma is also associated

with a 3.2-fold higher risk of cardiovascular dis-

ease, and the odds of having tendon xanthoma

increase with the number of cardiovascular risk

alleles in pathways for reverse cholesterol trans-

port and LDL oxidation [33–38]. These data

suggest that xanthoma formation and cardiovas-

cular disease not only are associated with each

other, but also share common pathophysiologic

mechanisms via genes governing reverse choles-

terol transport and LDL oxidation.

Biomechanics of Uninjured Tendon are
Altered in a High Cholesterol
Environment

Animal models have been used to quantify the

effect of hypercholesterolemia on biomechanical

properties of uninjured tendon.

In a hypercholesterolemic rat rotator cuff

model, uninjured supraspinatus tendon stiffness

and modulus were increased in a high cholesterol
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(HC) environment [39]. In contrast with these

results, uninjured tendon from a porcine biceps

tendon model exhibited decreased stiffness and

modulus in a HC environment; the differences

between these two models may be explained by

differences in loading environment experienced

by supraspinatus and biceps tendon, respectively

[40]. The effect of hypercholesterolemia on unin-

jured tendon has also been studied across

multiple species using supraspinatus tendons

from Apolipoprotein E (ApoE) knockout mice,

rats (HC diet), and monkeys (HC diet) [41]. Ten-

don stiffness was significantly increased in HC

mice and rats, and there was a trend toward

increased stiffness in HC monkeys. Tendon mod-

ulus was significantly increased in HC mice and

monkeys, and there was a trend toward increased

modulus in HC rats (Fig. 14.4) (Table 14.3).

Fig. 14.4 High cholesterol is associated with Achilles
tendon rupture and rotator cuff tear. (a), Patients with
rotator cuff tears had a higher incidence of hypercholes-

terolemia compared to patients with normal rotator cuff

tendons (Reproduced with permission from Abboud and

Kim [24], # The Association of Bone and Joint

Surgeons® 2009, with permission from Springer Science

+ Business Media). (b), Patients with Achilles tendon

rupture had higher serum cholesterol, higher serum tri-

glyceride, higher serum LDL, and lower serum HDL

compared to control patients without Achilles tendon

pathology (Reproduced from Ozgurtas et al. [27],

# 2003 by Elsevier Science B.V., with permission from

Elsevier)
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Taken together, these data suggest that bio-

mechanical properties in uninjured tendon,

including tendon stiffness and modulus, are

altered in a high cholesterol environment.

Injured Tendon Properties & Healing
Response In Hypercholesterolemia

Biomechanical Properties of Healing
Tendon are Altered in a High
Cholesterol Environment

Animal models have also been used to determine

the effect of hypercholesterolemia on bio-

mechanical properties of injured and healing

tendon.

In a mouse patellar tendon injury model, con-

trol mice were compared to mice deficient for

ApoE, which produces a hypercholesterolemic

state [42]. In tendons from mice that were

young (14 weeks) at time of injury, there was

no difference in tendon cross-sectional area

(CSA) between ApoE mice and controls.

Tendons from young ApoE mice exhibited

improved healing strength and improved percent

relaxation compared to controls, with a higher

normalized (injured/sham) maximum stress and

a lower normalized percent relaxation that was

closer to normal baseline values. In tendons from

young ApoE mice, there was no difference in

normalized modulus. Tendon properties of older

ApoE-knockout mice have also been studied. In

uninjured tendons from 40-week old ApoE mice,

there was decreased modulus and a trend toward

increased CSA compared to controls [43]. In

injured tendons from older mice injured at

40 weeks, ApoE tendons exhibited decreased

normalized maximum stress compared to

controls; there was no difference in normalized

area or modulus.

A hypercholesterolemic rat rotator cuff model

has also been used to study the effect of hyper-

cholesterolemia on tendon healing [44]. In rats

fed a HC diet, normalized tendon stiffness was

decreased at 4 weeks post-injury compared to

rats fed a normal diet. There was no difference

in modulus or angular deviation. There were also

no histological differences in collagen organiza-

tion, cellularity, or cell shape. Interestingly, in

rats fed a HC diet, CSA was significantly closer

to normal by 8 weeks after injury compared to

rats fed a normal diet; one potential (but

untested) explanation for this finding is the pos-

sibility of a reduced inflammatory fibrotic

response in HC animals.

Taken together, these data suggest that expo-

sure to a high cholesterol environment serves to

negatively impact tendon healing, as

demonstrated by decreased normalized maxi-
mum tendon stress in ApoE mice and decreased

normalized stiffness in rats fed a HC diet. More-

over, the reduction in tendon healing observed in

the 40-week (but not 14-week) age group of mice

may be explained by a process that allows for

accumulation over time, such as the

intratendinuous cholesterol deposition or relative

tissue ischemia due to vascular compromise that

are seen clinically in older patients with hyper-

cholesterolemia. This suggests that long-term

exposure to high cholesterol may be necessary

for tendons to develop appreciable deficits in a

high cholesterol environment.

Tendon Properties in Response
to Pharmacologic Treatment
of Hypercholesterolemia

Statin Therapy is Associated
with Tendon-Related Side Effects
in Patients with Hypercholesterolemia

The pharmacological treatment of hypercholes-

terolemia – using statins, bile acid sequestrants,

Table 14.3 Changes in mechanical properties of unin-

jured tendon in high cholesterol environment [41]

Stiffness Modulus

Mouse " "
Rat " " (trend)

Monkey " (trend) "
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ezetimibe, and niacin – has been associated with

regression of tendon xanthomas [45–47].

One large case–control study classified Achil-

les tendon morphology and measured tendon

thickness in 80 patients with heterozygous famil-

ial hyperlipidemia (FH) before and after

12 months of statin therapy [48]. Ultrasonic eval-

uation of Achilles tendon in the FH population

identified grade 1 (52.5 %), grade 2 (37.5 %), and

grade 3 (10 %) echostructures. In an age- and

sex-matched population without familial hyper-

lipidemia, 100 % of patients were found to have

grade I echostructures. After initial imaging,

statin therapy was initiated in the patients with

FH; after 12 months of therapy, there was a

significant reduction in Achilles tendon thickness

in response to statin treatment only in those

patients who had grade 1 abnormal

echostructures on initial imaging. Tendon thick-

ness remained unchanged in patients whose ini-

tial imaging showed grade 2 and grade

3 echostructures.

Despite allowing for normalization of tendon

thickness in at least a subset of patients, the use

of lipid-lowering medication to treat hyperlipid-

emia may also result in at least transient changes

that are detrimental to tendon structure and func-

tion. Of all lipid-lowering medications, statins

are the most commonly prescribed. Tendon

injury accounts for 2.1 % of reported statin-

related side effects. 59 % of these cases occur

within the first year of therapy, and median time

from statin initiation to tendon injury is 8–-

10 months [49]. Among patients who report

tendon-related side effects, approximately

two-thirds of patients experience tendinopathy

alone, while the remaining one-third experience

frank tendon rupture. The Achilles tendon is

most commonly affected (52 % of cases) [50];

other areas of involvement include rotator cuff

tendon and biceps tendon. In one retrospective

study of 100 patients with biceps tendon rupture,

there was a nearly twofold increased risk of

biceps tendon rupture among statin-treated

patients compared to patients not taking statins

[51]. And yet, not all data is so conclusive in

identifying a link between statin therapy and

tendon rupture. In a multivariate logistic

regression model of tendon rupture that con-

trolled for diabetes, renal disease, rheumatologic

disease, and steroid use, there was no significant

association between statin use and tendon rupture

[52]. However, on subgroup analysis, statin

exposure was associated with increased odds of

tendon rupture in women but not in men.

In addition to statins, other lipid-lowering

medications, including niacin and bile acid

sequestrants, have also been implicated in pro-

ducing tendon-related side effects. There are case

reports of patients with documented familial

hyperlipidemia and Achilles tendon xanthomas

who experience new-onset Achilles tendon pain

following treatment intensification with niacin

and bile acid sequestrants [53]. It has been

suggested that these medications may disrupt

tissue architecture and stability through the

removal of lipids from an existing xanthoma,

and that such a phenomenon might explain the

tendon pain experienced by some patients.

Finally, in addition to the demonstrated

effects of pharmacotherapy on tendon structure

and function [46, 47], lipid apheresis therapy in

patients with severe familial hyperlipidemia has

also been shown to significantly decrease tendon

thickness by 18.8 % over a 3-year period [54].

Pathophysiology of Statin-Related Side
Effects in Tendon

Multiple laboratory-based models have been

used to identify potential pathophysiologic

mechanisms by which statins alter tendon

homeostasis.

In human primary tenocytes, exposure to

statin at therapeutic concentrations is not

associated with any changes in cell viability or

morphology [55]. At supratherapeutic

concentrations, however, short-term exposure

results in reduced cell migration; prolonged

exposure results in increased cell rounding,

decreased mRNA for matrix proteins, increased

BMP-2 expression, impaired gap junction com-
munication, and inhibition of prenylation of

Rap1a GTPase. The clinical relevance of observ-

ing cell changes in response to treatment with
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statin at supratherapeutic levels – but not at ther-

apeutic levels – is difficult to interpret.

Animal models have also been used to study

the effects of statin treatment on tendon homeo-

stasis (Fig. 14.5). A rabbit model of Achilles

tendon injury and repair demonstrates that statin

therapy may alter the tendon healing response by

decreasing vascularity and increasing produc-

tion of irregular collagen structures. In this

model, rabbits received a 6-week course of statin

therapy post-injury and were compared against

control rabbits that were also injured but did not

receive statin treatment [56]. The statin-treated

group trended toward decreased revasculariza-

tion and increased collagenization compared to

controls. Collagen constructions were observed

to be significantly more irregular in tendon from

the statin-treated group.

In a rat Achilles tendon model, the effects of

different formulations of high-dose and low-dose

chronic statin therapy have also been studied

[57]. Rats were divided into 5 groups: low-

(S-20) and high-dose (S-80) simvastatin groups;

low- (A-20) and high-dose (A-80) atorvastatin

groups, and untreated control. In the S-20

group, non-collagenous protein levels were

decreased versus control. In A-80, there was

increased pro-MMP-2 activity and latent

MMP-9 activity versus control. In S-20, there

was increased active MMP-2, latent MMP-9

activity, and hydroxyproline versus control. In

A-20, there was decreased collagen type I and

increased glycosaminoglycans versus control.

These data suggest that statins cause imbalance
of ECM components and that this imbalance may

predispose to tendon microdamage. Finally, in

contrast to previous studies, data from a rat rota-

tor cuff injury & repair model suggests that statin

therapy may, in fact, enhance tendon healing

[58]. Rats were divided into four groups

according to medication received during a

3-week post-operative course. These groups

were atorvastatin (ATV), celecoxib (CEL;

COX2 inhibitor), ATV + CEL, or saline alone.

Healed tendons in the ATV group demonstrated

higher max load and stiffness as compared to the

saline and CEL groups. Celecoxib alone did not

affect tendon healing. Tenocytes treated with

ATV demonstrated increased proliferation,

migration, and adhesion; these effects were

blocked by co-treatment with a PGE2 receptor

4 antagonist. CEL treatment also diminished the

effect of statin treatment on the isolated

tenocytes; however, treatment with PGE2

stimulated tenocyte proliferation even in the

presence of CEL. These data suggest that statins

Fig. 14.5 Mechanical testing of uninjured
tendon isolated from high cholesterol environment.
Supraspinatus tendons with stain lines applied from

mouse (1), rat), (2) and monkey (3) (Reproduced from

Beason et al. [41],# 2013 Journal of Shoulder and Elbow

Surgery Board of Trustees, with permission from

Elsevier)
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may enhance tendon healing during the acute

inflammatory phase – as demonstrated by

increased tendon max load and stiffness and

improved tenocyte function – and COX2

inhibitors may diminish these statin-mediated

effects. Additionally, activation of the COX2/
PGE2 pathway may serve as a useful target for

pharmacotherapy designed to enhance early ten-

don healing.

Summary & Future Directions

Hypercholesterolemia is an important clinical

problem and is associated with significant tendon

pathology. Lipid-related tendon pathology is

most prevalent among patients with familial

dyslipidemias; however, associations between

hypercholesterolemia and tendinopathy have

also been identified in patients without familial

hypercholesterolemia. Rotator cuff tear and

Achilles tendon rupture are clearly associated

with metabolic derangements, and elevated total

cholesterol is sometimes (but not always) among

the specific metabolic parameters implicated in

patients with tendon pathology.

In uninjured tendon, high cholesterol

environments alter specific biomechanical

properties, including tendon stiffness and modu-

lus. These lipid-related changes in tendon

properties have been demonstrated in mice, rats,

monkeys, and pigs and hold true across multiple

tendon types, including supraspinatus tendon and

biceps tendon. A few overarching pathophysio-

logical mechanisms have been identified to help

explain these cholesterol-related changes in

uninjured tendon biomechanics (Fig. 14.6).

These mechanisms include: protein synthesis;

local extracellular matrix composition and turn-

over; mechanical stress; vascularity; inflamma-

tory gene expression; cytokine production;

expression of genes related to LDL oxidation;

and expression of genes related to reverse cho-

lesterol transport.

In injured and healing tendon, the detrimental

effects of hypercholesterolemia have also been

demonstrated. In healing tendon, high choles-

terol environments have been associated with

decreased maximum tendon stress and decreased

tendon stiffness, and these changes occur after

long-term (rather than short-term) exposure to

high cholesterol.

The effects of lipid-lowering pharmacother-

apy on tendon were also discussed. Statins help

to normalize tendon thickness in some patients

affected by tendon xanthomas; however, statin

therapy has also been implicated as the cause of

new-onset tendon pain and as a risk factor for

tendon rupture. Statin therapy was shown to

improve tendon healing in a rat model with

increased tendon max load and increased tendon

stiffness. Mechanisms by which statin therapy

may alter tendon homeostasis have also been

identified. These mechanisms include: changes

in cell migration; cell rounding; mRNA expres-

sion for matrix proteins; BMP-2 expression; gap

junction communication; and signaling within

the COX2/PGE2 pathway.

Future studies in the field of hypercholesterol-

emia and tendon homeostasis should continue to

explore the pathophysiological mechanisms and

pathways that have already been identified. Addi-

tionally, in order to continue to characterize new

pathways by which alterations in biomechanical

properties arise in the setting of hypercholesterol-

emia, the field may benefit from additional

hypothesis-generating studies. For example, stud-

ies that measure gene expression across a wide

array of genes, including those not already

implicated in lipid-related tendon pathology, will

help to point the field in new directions.

The field would also benefit from

incorporation of more clinically translatable

study elements. For example, in the context of

statin therapy and its effect on tendon homeosta-

sis, one group studied not only the effect of

atorvastatin on ex vivo tendon and in vitro
tenocytes, but also the degree to which a clini-

cally relevant COX2 inhibitor modulates these

statin-mediated effects [58]. In this manner, the

study accrues additional clinical relevance,

which allows the study conclusions to be more

readily translated to a clinical setting.

Finally, clinical data indicate there are

increased rates of tendon pathology in patients

who have elevation of other metabolic
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parameters in addition to elevated cholesterol

[28]; among these additional parameters is ele-

vated blood glucose (hyperglycemia). Hypergly-

cemia is one of the hallmarks of diabetes mellitus.

Given the increasing prevalence of diagnosed dia-

betes in the United States [59], the study of tendon

homeostasis in a combined high lipid and high

glucose environment would generate knowledge

that is clinically useful for this significant subset

of patients with hypercholesterolemia and hyper-

glycemia. Animal models of diabetes do exist and

could be studied alongside the animal models of

hypercholesterolemia already discussed in this

chapter (see Chaps. 16, 17, 18 and 19). Along

these lines, future research could, for example,

compare tendon biomechanics among “normal”

animals, hyperglycemic animals, hypercholes-

terolemic animals, and animals that are both

hypercholesterolemic and hyperglycemic. Such a

study would allow for more specific delineation of

the differential – or, perhaps, similar – roles of

hypercholesterolemia and hyperglycemia in ten-

don homeostasis and may better reflect the more

complex metabolic environment manifested in a

human patient population.

Glossary

Apolipoprotein E (ApoE) a class of lipoprotein

important for normal catabolism of

triglyceride-rich lipoprotein components;

some genetic variants are associated with

high levels of circulating cholesterol.

Celecoxib an anti-inflammatory drug that

blocks transformation of arachidonic acid to

prostaglandin precursors via reversible inhibi-

tion of the cyclooxygenase-2 (COX-2)

enzyme.

HC-related
tendon

pathology

Protein
synthesis

ECM
composition/

turnover

Mechanical
stress

Vascularity

Gene
expression

Inflammation

•  Non-collagenous
proteins ( )

•  Incorporation of ECM
components ( )

•  Xanthoma formation ( ) in areas of
high mechanical stress

•  Tendon & xanthoma-
tous tissue ( )

• Plasma TNF-a, IL-8, IL-6 ( )

• IL-8 production by tenocytes
exposed to oxidized LDL ( )

•  LDL oxidation ( )

•  Reverse cholesterol
transport ( )

Fig. 14.6 Overview of

pathophysiological

mechanisms by which

hypercholesterolemia alters

tendon homeostasis
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Familial hyperlipidemia a heritable medical

condition characterized by abnormally high

levels of lipid or lipoprotein in the blood;

often caused by mutation of a lipoprotein

receptor or lipoprotein lipase, which prevents

normal clearance of lipid and lipoprotein from

the blood.

Elastic modulus a material property that, like

stiffness, describes a substance’s ability to

resist deformation; however, unlike stiffness,

modulus also takes into account cross-

sectional area and is defined as the slope of

the stress-strain curve in the elastic deforma-

tion region for a given substance. Modulus is

measured in units of pascals (Pa).

Glycosaminoglycans negatively charged, lin-

ear carbohydrate chains composed of repeat-

ing disaccharides; glycosaminoglycans are an

important component of tendon extracellular

matrix that serve to occupy space and resist

compressive forces.

Hypercholesterolemia medical condition

defined as a total serum cholesterol concentra-

tion � 240 mg/dL.

Lipoproteins carrier proteins that bind choles-

terol and allow for transport throughout the

body

MMP-2, MMP-9 matrix metalloproteinases

involved in normal breakdown of the extra-

cellular matrix, including type IV collagen

(a main structural component of basement

membranes).

Statin a class of cholesterol-lowering drugs that

function through competitive inhibition of the

enzyme HMG-CoA reductase, which effec-

tively blocks cholesterol synthesis in the

liver and leads to a reduction in circulating

cholesterol levels.

Stiffness the degree to which a substance resists

deformation. Stiffness is measured in units of

Newtons per meter (N/m).

Xanthoma on histological examination, a col-

lection of lipid-laden macrophages (foam

cells) in the tendon extracellular matrix;

xanthomas may also be appreciated on gross

examination as subcutaneous nodules track-

ing along a tendon.
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Abstract

Several epidemiological and clinical observations have definitely

demonstrated that obesity has harmful effects on tendons. The pathogene-

sis of tendon damage is multi-factorial. In addition to overload, attribut-

able to the increased body weight, which significantly affects load-bearing

tendons, systemic factors play a relevant role. Several bioactive peptides

(chemerin, leptin, adiponectin and others) are released by adipocytes, and

influence tendon structure by means of negative activities on mesenchy-

mal cells. The ensuing systemic state of chronic, sub-clinic, low-grade

inflammation can damage tendon structure. Metabolic disorders (diabetes,

impaired glucose tolerance, and dislipidemia), frequently associated with

visceral adiposity, are concurrent pathogenetic factors. Indeed, high glu-

cose levels increase the formation of Advanced Glycation End-products,

which in turn form stable covalent cross-links within collagen fibers,

modifying their structure and functionality.

Sport activities, so useful for preventing important cardiovascular

complications, may be detrimental for tendons if they are submitted to

intense acute or chronic overload. Therefore, two caution rules are man-

datory: first, to engage in personalized soft training program, and secondly

to follow regular check-up for tendon pathology.

Keywords

Obesity • Metabolic disorders • Tendon • Therapeutic exercise

Introduction

Tendon disorders are mostly seen among people

practicing sports, but can be observed also in the

sedentary population. Genetic vulnerability,

overuse, aging and metabolic disorders have
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been identified as risk factors that predispose to

tendinopathies [6]. Among them, obesity is

important because it represents a common and

potentially modifiable condition [20]. Indeed,

obesity is one of the major public health

problems in western countries and its prevalence

has increased dramatically in recent decades.

When considered cumulatively, overweight

(BMI >25) and obesity (BMI >30) affect up to

60 % of the population [19, 20, 50].

In this chapter, we summarize recent findings

useful for understanding how obesity can modify

tendons. First, we report observations coming

from epidemiology, clinics, histopathology, bio-

chemistry, and biomechanical studies, for both

load-bearing and non-load-bearing tendons.

Then, we discuss the pathogenesis of tendon dam-

age in obese patients, combining data drawn from

experimental and clinical investigations. Finally,

we provide suggestions useful to overweight and

obese subjects who practice sport activities.

Epidemiology

Several studies suggest that individuals with clin-

ically overt or asymptomatic tendinopathies, or

failure to respond to conservative and surgical

treatments, have significantly higher adiposity

levels than controls without tendon damage

[23, 25, 40, 46, 60].

Load-Bearing-Tendons

Plantar fasciitis is very common in overweight

and obese subjects, due to the increased stress on

foot structures [21, 31]. Riddle et al. [45], in a

study enrolling 50 subjects with plantar fasciitis

and 100 controls, observed that participants with

a BMI >30 were 5,6 times (CI: 1,9-16,6) more

likely to be affected when compared with

subjects with BMI <25. Also in asymptomatic

people a significant relationship between plantar

fascia thickness (which is considered the expres-

sion of tendon degeneration) and BMI values

(r ¼ 0,749, p < 0,001) was observed at the ultra-

sound evaluation [3]. In the large cohort of

patients, studied by Galli et al. [27] by Magnetic

Resonance Imaging (MRI), the prevalence of ten-

don damage in the hindfoot-ankle district was

approximately twice among overweight compared

with non-overweight patients (p < 0,001). Simi-

larly, patients with Achilles pathology exhibited

significantly higher BMI than controls, even after

accounting for age. In particular, overweight and

obese were 2,6 to 6,6 times respectively more

likely than patients with normal BMI to be affected

by Achilles tendinopathy (p< 0,001) [47]. Further

studies have shown that in men waist circumfer-

ence is a better predictor of tendon pathology than

BMI [22, 30, 33]. Indeed, asymptomatic Achilles

tendon pathology was found associated with cen-

tral fat distribution in men (i.e. an increased waist/

hip ratio, WHR), whereas it was associated with

peripheral fat distribution in women. Considering

surgery, overweight patients with recalcitrant

Achilles tendinopathy experience more prolonged

recovery times, more post-intervention

complications, and a greater risk of further proce-

dure than normal weight subjects [35] (Fig. 15.1).

Excess of body weight is also a significant risk

factor for both acute and chronic patellar tendon

pathologies [26, 36, 54]. Although no statisti-

cally valid information on the possible associa-

tion between obesity and quadriceps/patellar

tendon rupture is available, some authors report

cases of spontaneous rupture of patellar/quadri-

ceps tendon in morbidly obese patients

[32, 42]. The association is stronger when

chronic patellar tendon damage is considered.

Indeed, individuals with WHR > 83 cm had a

74 % chance of patellar tendon pathology, com-

pared with 15 % of those with < 83 cm waist-

line. These observations are supported by a

recent study where the relationship between obe-

sity and prevalence of MRI-defined patellar

tendinopathy was investigated. In a group of

asymptomatic patients, (age 50–79) obesity

measures were collected (weight, BMI, self-

reported weight at the age of 18–21 years,

heaviest lifetime weight, fat-free mass and fat

mass), and a MRI of the dominant knee was

performed. The results showed that MRI features

of patellar tendinopathy were common in the

general population (28 %), and that current
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weight (p ¼ 0,002), BMI (p ¼ 0,002), heaviest

lifetime weight (p ¼ 0,007) and weight at age of

18–21 years (p ¼ 0,05) were all positively

associated with the prevalence of the

tendinopathy [18] (Fig. 15.2).

Non-Load Bearing Tendons

Rotator cuff disease is a multifactorial condition.

Some studies suggest a link between shoulder

pain and metabolic disorders [20]. The associa-

tion with diabetes is clear, whereas for obesity

we do not dispose of the same amount of evi-

dence. There are few studies in literature and

none of them is a level I study. A cross-sectional

investigation, performed on a large cohort of

patients, showed that having a BMI >25 and

abdominal obesity was a significant risk factor

for rotator cuff disease (p <0,01) [44, 52]. More-

over, obesity influenced the tear size (determined

intra-operatively), as reported in a case-control

study performed on 381 consecutive patients

who underwent arthroscopic rotator cuff repair

[29]. In these patients, the occurrence and sever-

ity of rotator cuff tear were positively associated

with a higher BMI (p ¼ 0,001) and percentage of

body fat (%BF). Interestingly, BMI and %BF

significantly increased from patients with a

small to those with a massive tear (BMI: 27,8

versus 29,9; %BF: 37,6 versus 39,4, p ¼ 0,031).

The impact of obesity on the outcomes after

surgery is debated. Warrander et al. [56] report

that obesity lengthen the operative times of

arthroscopic rotator cuff repair and of hospital

stay, and is associated to worse functional

outcomes, mainly in subjects with a BMI >35

[59]. In contrast, in Namdari’s study [39], BMI

was not significantly related to outcomes, after

controlling for confounding variables.

Finally, some evidence exists about the asso-

ciation of obesity with elbow disorders. Descatha

et al. [16] and Shiri et al. [48] demonstrated an

increased prevalence of epicondylitis in patients

with a BMI>30 or a waist circumference > 100

cm. According to Titchener et al. [51] only

morbid obesity (BMI >40) was associated with

this condition (Fig. 15.3).

Fig. 15.1 Ultrasound appearance of ankle degenerative

tendon disorders in obese subjects.

(a) Thickening of the Achilles Tendon (AT), hypoechoic

echotexture, especially in the ventral portion, are expres-

sion of degeneration. An effusion into the retrocalcaneal

bursa (*) is also present (longitudinal scan). C ¼ Calca-

neal bone; (b) In this longitudinal scan Plantar fascia

(PF) shows degenerative features and intra- tendinous

vascularization. The calcaneal bone (c) is irregular
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In conclusion, the majority of studies suggest

that overweight and obesity are significantly

associated to symptomatic tendinopathies or to

abnormal tendon structural features, which in

turn are important predictors of a future clinically

evident pathology. The association, in general, is

more evident for lower-limb than for upper-limb

tendons. However, most of published studies are

Fig. 15.2 Ultrasound appearance of knee degenerative

tendon disorders in obese subjects.

In panel (a) the quadriceps tendon (QT) is thickened,

hypoechoic and dishomogeneous; intra-tendinous vascu-

larization is detected at color-doppler examination

(longitudinal scan); In panel (b) degenerative features of

the patellar tendon (PT) are present; a calcification

(calipers) into the proximal portion can be also seen

(longitudinal scan). P ¼ Patella

Fig. 15.3 Ultrasound appearance of shoulder and elbow

degenerative tendon disorders in obese subjects.

(a) In this trasverse scan the supraspinatus tendon (ST)
appears thickened and dishomogeneous. An effusion into

the subacromial bursa can be also observed (*). H ¼

Humeral head;D ¼ Deltoid muscle; (b) This longitudinal
scan shows degenerative features of extensor tendons

(ETs) and the presence of intra-tendinous calcification

(calipers). Humeral (H ) and radial (R) bones are also

irregular
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observational, and therefore do not allow a pre-

cise identification of a cause-effect relationship

between adiposity and each type of tendinopathy.

Therefore, further research is necessary to better

clarify the role of adiposity “in se”, excluding the

pathogenetic relevance of associated factors,

such as aging, the level of overuse and metabolic

disorders.

Histopathology, Biochemical
and Biomechanical Features

Histopathology

Structural modifications of tendons in obesity

have been observed in animal studies.

Biancalana et al. [10], in a research performed

on the deep digital flexor tendon (DFT) of lean

and genetically obese Zucker rats, put in evi-

dence different morphological features. In nor-

mal weight rats, free to move around the cages,

the collagen fibrils showed a bimodal pattern

characterized by both large and small fibrils. In

obese rats, the collagen fibrils showed an

unimodal distribution, due to the relative preva-

lence of large on small fibers, the expression of

an impaired remodeling process. Because thin

fibers confer greater elasticity to tendons, the

authors supposed that their relative paucity in

obese animals could be responsible for increased

stiffness and micro-ruptures as a consequence of

excessive loads. Moreover, disorganized and

tangled collagen fibrils were observed in the ten-

sion region of tendons from obese animals [9].

Boivin et al. [11, 12] studied the structure of

Achilles tendon in mice submitted to a high fat

diet. No significant morphological abnormalities

were found, and only in a small percentage of

animals a mild degeneration and neutrophil infil-

tration was observed near the Achilles tendon

insertion on the heel. According to Biancalana’s

observations [9], the ultrastructural analysis by

transmission electron microscopy revealed disor-

ganized and tangled collagen fibrils in the tension

region of the tendon.

In an experimental model of acute DFT dam-

age, performed in mice submitted to a high fat

diet, the histological examination showed at

14–28 days consistently small cellular and

fibrous tissue at the injury site, with a lesser

degree of collagen remodeling and fiber align-

ment [14]. Besides, tenocytes adopted an abnor-

mal, proliferative behaviour, reducing type I

collagen production and increasing metallopro-

teinases expression. So, tendon healing was sig-

nificantly impaired.

Some important limits of these experimental

studies must be acknowledged. First, the experi-

mental model of obese Zucker rats cannot be

compared to that of animals submitted to a high

fat diet. Indeed, Zucker rats, used in Biancalana’s

experiments [9], represent a model of genetic

obesity, related to an autosomal recessive gene

encoding defective leptin receptor, and suffer

from both hyperinsulinemia and hyperlipidemia.

Therefore the changes observed in the distribu-

tion pattern of collagen fibrils could be genetic in

origin, and not due to obesity “in se”.

Second, the animal experiments explore only

short-term structural changes, whereas in

humans the damage due to adiposity is a chronic

condition. In this regard, we lack morphologic

studies in obese, but we can get indirect informa-

tion from MRI or ultrasound tendon evaluation.

Actually, the reported abnormalities (increased

thickness, disorganized echotexture, hypoechoic

areas), observed in subjects with increased BMI,

are expression of morphologic alterations,

i.e. increased deposition and packing of collagen

fibrils, which appear twisted, overlapping and

disorganized, and/or signs of hyaline, mucoid or

lipoid degeneration [3, 17].

Biochemical and Biomechanical
Alterations

The abnormal deposition and disruption of colla-

gen fibrils previously reported are in agreement

with biochemical findings, which put in evidence

a reduced concentration of glycosaminoglycans

(chondroitin and dermatan sulfate) in the

tendons’ extracellular matrix (ECM) from obese

animals. Moreover, isolated lipid droplets have

been detected in ECM, expression of the initial

phase of tendolipomatosis [9]. On the contrary,

the level of hydroxyproline, which provides
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higher tensile strength associated with lower

strain, is increased, probably as a consequence

of the higher mechanical requirements [10].

Morphologic and biochemical abnormalities

are associated to biomechanical dysfunctions

[57, 58]. In experimental conditions, the excess

of fat intake, causing enlargement of fibril diame-

ter and shortening of the modulus of the tendon,

leads to a stiffer tendon, less able to withstand the

loads [12]. After tendon damage, by puncturing

with a beveled needle in obese mice, the tendons

biomechanical properties show a significant

reduction of the normalized maximum force,

normalized work to maximum force and

normalized stiffness, in comparison with normal

weight animals submitted to the same experimen-

tal procedure [14].

Similar results have been observed in humans.

The increased Achilles tendon thickness, and

therefore the larger cross-sectional tendon area,

despite the decreased material property (modu-

lus), partially offsets the greater body mass

[57]. Therefore, the average stress (force per

unit area) experienced by the Achilles tendon is

similar in normal and overweight animals. The

increased fibril number and diameter, besides the

increased collagen cross-links, are both involved

in increased tendon stiffness. Interestingly, after

strenuous exercise, the tendon thickness

decreases, due to the loss of interstitial water,

associated with load-induced alignment of colla-

gen fibers [57]. However, the transverse strain in

the tendon, calculated as the natural log of the

ratio of post to pre-exercise tendon thickness, in

obese subjects is inferior to that observed in the

normal weight counterpart, suggesting that obe-

sity is associated with structural tendon changes

that impair interstitial fluid movement in

response to tensile load, and are responsible of

a greater transverse stiffness.

Pathogenetic Mechanisms

At present, two different mechanisms have been

identified: increased stress on load-bearing

tendons, imposed by the bigger body weight;

and biochemical disorders associated to systemic

dysmetabolic factors (Fig. 15.4).

Fig. 15.4 Pathogenetic mechanisms of tendon damage
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Overload

It is well known that overweight and obesity lead

to alterations of the musculoskeletal system.

Obese individuals have higher plantar pressure,

especially under the longitudinal arch and on the

metatarsal heads both when standing and walk-

ing. Moreover, the distribution of forces at the

knee during weight bearing is modified and this

leads to varus malalignment, and to the develop-

ment of knee osteoarthritis. The gait pattern is

modified, and balance is impaired [40].

The increased body weight has also significant

impact on tendons. It is well known that mechani-

cal loading is essential to maintain tendon homeo-

stasis, but, when the loading magnitude is

abnormal, as can happen in obese subjects, the

tendon response reverses from beneficial towards

degenerative. Briefly, there is an exceeding pro-

duction of proteoglycans and inflammatory

molecules, with increased metalloproteinase

expression, which leads to the formation of degra-

dation products and water retention. This failed

healing process favors a smoldering fibrogenesis,

with matrix turnover without normal maturation

[2, 8]. This information comes mainly from stud-

ies performed on Achilles tendon in runners.

Indeed, during running, the tendon is highly

solicited and the load can be as high as eight

times body weight, so that modest increases in

weight are amplified within the tendon

[4, 40]. Broadly speaking, these concepts can be

applied to all tendons, which are selectively

stressed in various athletic activities: the shoulder

in swimming and basket, the elbow in tennis and

golf, and the knee and ankle in all sports

characterized by running and jumping.

Systemic Hypothesis

Adipose tissue can be considered as a major

endocrine and signaling organ [2, 43]. Several

bioactive peptides and hormones are released by

adipocytes, among them a full range of proteins

(chemerin, lipocalin 2, serum amyloid A3, leptin

and adiponectin), which can influence tendon

structures by means of various activities on

mesenchymal cells. In particular, inflammatory

mediators (cytokines, prostanoids, and

metalloproteinases) can be modulated [24], and

the subsequent systemic state of chronic,

sub-clinic, low-grade inflammation (increased

serum levels of PGE2, TNF-α, and LTB4) can

damage tendon structure. The cumulative harm-

ful effect of these substances may explain tendon

damage both in load-bearing and non load-

bearing tendons of obese subjects.

Tendon damage can be amplified by a cluster

of metabolic disorders frequently associated with

obesity [1]. As shown by epidemiologic studies,

obese subjects with visceral fat deposition are

more predisposed to tendinopathies. Interestingly,

this relationship has been also observed in

individuals with an increased fat mass and higher

WHR, despite having a normal BMI. These

subjects, classified as metabolically obese but nor-

mal weight, account from 5 to 45 % of the general

population [13]. Therefore, it may be

hypothesized that tendon pathology is strongly

linked to metabolic syndrome, characterized by

insulin resistance, diabetes, or impaired glucose

tolerance, hypercholesterolemia, hypertrigly-

ceridemia, and low levels of HDL cholesterol. In

the presence of increased glucose levels, the for-

mation of Advanced Glycation End-products

(AGEs) is markedly accelerated (see Chap. 14,

16, 17, 18, and 19). [5, 15, 28]. A key characteris-

tic of reactive AGEs is the formation of stable

covalent cross-links within collagen fibers, which

alter their structure and functionality. Moreover,

AGEs react with a variety of AGE-binding

receptors on the cell surface, which in turn

activates several critical molecular pathways and

triggers a number of effects. These include

pro-oxidant events via generation of reactive oxy-

gen species and led to a sustained up-regulation of

pro-inflammatory mediators [38].

In addition, the systemic influence of exces-

sive blood lipid must be considered. Indeed,

dyslipidemia is a well-known cause of tendon

pathology [24, 41, 53, 55]. At this purpose, sev-

eral authors observed that subjects with symp-

tomatic Achilles tendinopathy had higher

triglyceride levels, lower HDL cholesterol, a

higher triglyceride/HDL-cholesterol ratio and
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elevated apolipoprotein B concentration, com-

pared with controls matched for gender, age and

also BMI. Moreover, dyslipidemia is a negative

prognostic factor after surgery (Achilles and

rotator cuff tendons) [7, 34, 37].

The Role of Sport Activities

Development of obesity and physical inactivity

are closely associated. Obesity rates are higher in

sedentary and moderately active persons than in

active subjects, as shown by cross-sectional and

longitudinal studies [23]. Therefore, sport

activities are strongly recommended to slow

down, and even stop, the progression of weight

gain in obese individuals, or to bring an obese

individual into the normal weight range. Physical

activity reduces insulin resistance, improves glu-

cose and lipid metabolism, minimize the higher

risk of hypercholesterolemia and diabetes, and

delay the onset of cardiovascular diseases, as

well of hip and knee osteoarthritis [40]. Moreover,

in aged people, it counteracts the muscle mass and

strength decline, reduces the risk of falls, and

enhances the cognitive functions and the quality

of life [49]. Therefore, besides an adequate dietary

regimen and pharmacological treatments, when

necessary, physical exercise is an important thera-

peutic measure that should be prescribed to all

subjects who are obese or overweight.

In this conceptual framework, a number of

subjects of all ages practice sport activities.

These activities are often performed in 2 or

3 weekly sessions, and not infrequently at high

intensity levels to maximize the energy expendi-

ture and to get a significant weight loss.

Physicians usually alert their patients about the

possible risk of cardiovascular overload, but less

attention is paid to the risk of tendon damage.

Actually, this is an important issue, because what

is beneficial for improving metabolism and

preventing important systemic diseases may be

detrimental for tendons, which are submitted to

acute or chronic overload. Indeed, the risk of

developing a symptomatic tendinopathy, and

even of undergoing a tendon rupture, is substan-

tially increased in obese subjects, whose tendons

are frequently weakened by a sub-clinical dam-

age and by a metabolically disturbed milieu

[4]. Therefore, minimizing the impact of tendon

pathologies when prescribing exercise and sport

activities as medicine for weight reduction in

sedentary individuals becomes mandatory. In

real life, several persons practice running, for

several reasons: it is inexpensive, may be

practiced by oneself every time he/she wants,

and may be performed by people lacking of any

skill in specific sports activities. However, run-

ning is deleterious for load-bearing tendons, and

Achilles tendon in particular, which is highly

solicited. Otherwise, tennis, soccer, basketball,

and other contact sports can expose tendons to

sudden intense, even short-lasting, stress, favor-

ing microruptures of collagen fibers.

Given these considerations, and after having

emphasized again that the practice of sport

activities is beneficial, some caution is necessary.

First, soft programs of physical activity should be

individually prescribed to get positive metabolic

outcomes, avoiding the risk of excessive and

dangerous overload. Second, the frequency and

intensity of sport performance should be

increased gradually, in accordance with the pro-

gression of weight loss, avoiding agonistic activ-

ity and contrast sports, which are more likely to

expose to acute injury. Third, some sports, such

as swimming and cycling, which have a minor

impact on tendons, should be preferred. How-

ever, it is evident that the sport choice is strictly

linked to the pleasure and gratification deriving

from the athletic gesture, and therefore highly

subjective. In such perspective, every athletic

activity may be accepted, providing the strict

observance of caution rules. Finally, frequent

controls should be performed in subjects at

higher risk, mainly for Achilles tendon pathol-

ogy, using the ultrasound technique, which is a

valid, simple, quick and low cost procedure.

Conclusions

Epidemiological observations and case-control

studies show an evident association between adi-

posity and tendinopathies, both symptomatic and
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asymptomatic. However, these studies do not

allow identifying the pathogenetic role of obesity

“in se”, because the coexistence of several

confounding factors: among them, aging, genetic

components, overweight duration, and the

amount of overload to which tendons have been

individually submitted. More importantly, it is

very difficult to disentangle the role of metabolic

disorders obesity-related, such as impaired glu-

cose tolerance and hyperlipidemia. Actually,

more than by the increased BMI, a major role

seems to be played by visceral fat deposition,

which is associated with the metabolic syndrome

and a chronic state of low-grade inflammation.

Experimental and clinical research has

highlighted several pathogenic mechanisms,

which can be responsible of tendon damage. In

particular, it has been shown that the biochemical

milieu, around tenocytes and other tendon cells

and structures, largely influences the tendon

response to mechanical loading, reversing it

from beneficial to degenerative.

In this framework, some practical issues must

be considered. Overweight and obesity, and sed-

entary lifestyles, are very common in western

countries, and account largely for cardiovascular

and osteo-articular morbidity. Therefore, the

practice of physical activity and sports is manda-

tory. Indeed, improving glucose and lipid metab-

olism delay the onset of cardiovascular diseases,

as well of hip and knee osteoarthritis. On the

other hand, exercise, which is so useful for

preventing these important diseases, may be det-

rimental for tendons, when submitted to intense

acute or chronic overload. Among different

sports, running and other strenuous activities

(tennis, soccer, basket), which expose to sudden

and intense overloads, can be particularly dan-

gerous. Swimming and cycling, which have a

minor impact on tendons, should be preferred.

In general, some caution rules are mandatory:

first, to follow a soft individual training program,

second to increase gradually the frequency and

intensity of sport performance, third to be strictly

monitored, mainly for Achilles tendon

pathology.
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Does Diabetes Mellitus Affect Tendon
Healing? 16
Aisha Siddiqah Ahmed

Abstract

Diabetes mellitus (DM) is a metabolic disorder resulting from defective

insulin production and characterized by chronic hyperglycemia. DM

affects around 170 million people worldwide and its incidence is increas-

ing globally. DM can cause a wide range of musculoskeletal disorders

such as painful tendinopathies, tendon contracture, tendon rupture, and

rotator cuff tear.

In patients with diabetes neuropathy, diminished peripheral blood

flow and decreased local angiogenesis are reported which probably are

results of abnormalities in the production of collagen production,

inflammatory mediators, angiogenic and growth factors and also con-

tribute to lack of healing in damaged tissue. Abnormal or delayed

wound healing is one of the main complications of both type-I and

type-II DM.
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Tendon Structure

Tendon consist of cells mainly fibroblasts

(tenocytes) and tissue specialized extracellular

matrix (ECM). Throughout the whole lifespan

tenocytes actively synthesize ECM components

in the tendon as well as produce enzymes such as

matrix metalloproteinases (MMPs) that can

degrade the matrix [1]. Tendons have the capac-

ity to heal and recover from injuries in a process

controlled by the tenocytes and their surrounding

ECM. However, healed tendons never regain the

same mechanical properties as before the injury.

ECM mostly consists of collagens,

proteoglycans, polysaccharides, glycoproteins

and elastin fibers. Specific molecules that consti-

tute ECM vary depending on the cell types

embedded within that matrix and the mechanical

demands of the tissue (see Chap. 2).
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Healing Mechanisms in Tendon

Wound healing is highly complex process with

interaction of many cell types, inflammatory and

neuronal mediators, growth factors and enzymes

which is also associated with tendon healing. Gen-

erally, there are three main stages of tendon

healing; inflammation, repair or proliferation,

and remodeling which can further be divided

into consolidation and maturation phases. These

three stages can also overlap with each other. In

the first inflammatory stage, cells such as

neutrophils and macrophages are recruited to the

site within the first 24 h of injury and phagocytosis

of the necrotic material occurs. After the release

of vasoactive, angiogenic and chemotactic factors,

proliferation of tenocytes occurs and tenocytes

start to synthesize collagen III [2, 3]. The inflam-

matory stage usually lasts for few days, followed

by the repair or proliferation stage. During prolif-

eration which usually last for 4–6 weeks, the

tenocytes synthesize large amounts of collagen

and proteoglycans at the site of injury and their

interconnection is increased [4].

After that the remodeling stage begins,

consisting of consolidation which lasts from

about 6–10 weeks after the injury. The tissue

becomes more fibrous with the result of

increased production of collagen I and the fibrils

become aligned in the direction of mechanical

stress [3]. The final maturation stage starts after

around 10 weeks, and there is an increase in

crosslinking of the collagen fibrils, which causes

the tissue to become stiffer. Gradually, over a

time period of about 1 year, the tissue will turn

from fibrous to scar-like [5] as briefly illustrated

in Fig. 16.1.

Effect of DM on Tendon Healing

Diabetes is often associated with neuropathy and

decreased angiogenesis resulting in impaired

connective tissue healing and reduced bio-

mechanical properties. Clinical and experimental

studies strongly indicate that reduced collagen

synthesis, abnormal cytokine production,

compromised angiogenic and growth factor pro-

duction occurs during all three inflammatory,

proliferative and in remodeling stages and inter-

fere healing process of damaged tissues in diabe-

tes [6, 7]. These studies indicate less fibroblast

proliferation and lymphocyte infiltration in

healing tendons associated with tendon weak-

ness. Diabetes adversely affects properties of

native ECM proteins and delay tendon healing

after injury by affecting variety of factors

discussed below.

Collagens

The essential structural and functional building

block of musculoskeletal ECM is collagen. There

are almost 30 collagen subtypes belonging to

protein superfamily. Tendon matrix mainly

Tendon healing

2. Repairing

Fibroblast cell
Growth factors -Cellularity

-Collagen

Repair tissue > Fibrous
tissue> Scar like tendon
tissue> newly form tenton
tissue (after 10 weeks)

Collagen synthesis

TGF-b
IGF + IGF-BP
IL-1, IL-6
FGF
PG, VEGF

1. Inflamatory

0 1 2 4/6
Week (s)

10 12-16

3. Remodeling

Neutrophils,
Monocytes,
Macrophages.

Fig. 16.1 Time frame for tendon healing and remodeling. Illustrated by Alim A
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consists of collagen type I-III, V and XI along with

other collagens, proteoglycans and glycoproteins

with collagen types I as the most abundant one.

Numerous preclinical studies indicate that elevated

glucose levels impair collagen production and also

intensify the presence of advanced glycation end

products (AGE), resulting in abnormal ultrastruc-

ture of collagen fibrils (see Chap. 18) [8, 9]. During

proliferating phase of healing, collagen III is the

major components of the callus. In diabetes rat

model of tendon healing decreased collagen III

production is reported in healing tendon indicating

that synthesis of the main component of the callus

in the proliferative healing phase is altered [9]

(Fig. 16.2). Decreased collagen III and I expres-

sion both at gene and protein levels during

proliferating phase of healing in rat model of

type-II diabetes are reported which associated

with decreased tendon strength [9] (Fig. 16.2).

Collagen synthesis at the tendon injury site is

dependent on an adequate blood circulation and

neuronal supply [10, 11]. Diabetes patients often

exhibit neuropathy and also decreased levels of

neuronal mediators such as calcitonin gene

related peptide (CGRP) and substance P

(SP) which might be associated with defective

tissue healing [12]. SP and CGRP released from

peripheral nerves enhance angiogenesis [13] and

also stimulate fibroblast proliferation, angiogen-

esis and collagen organization in animal model

of Achilles tendon healing (see Chap. 5) [14].

Cytokines

Cytokines are small proteins (typically 5–30 kDa)

produced by specialized cells in response to vari-

ety of stimuli. In tendon, cytokines are produced

mainly by the resident fibroblast; the tenocytes

and are known to produce several endogenic

cytokines and growth factors which work in an

autocrine, paracrine, or endocrine manner

[15, 16]. Cytokines play essential role in cell

proliferation during embryonic development and

in later life, in cellular renewal and wound

healing, the development of cellular and humoral

immunity, and in inflammatory responses. In

many disease conditions disruption of these pro-

cesses are associated with altered regulation of

cytokine production and action [16]. Inflammatory

cytokines are reported to enhance angiogenesis

which is a critical process of wound healing

[17]. Endogenous expression of interleukin-1beta

(IL-1β), tumor necrosis factor-alpha (TNF-α),
interleukin-6 (IL-6), interleukin-10 (IL-10) along

with growth factor especially VEGF are reported

in healing tendon [18]. IL-1β and TNF-α are

thought to play crucial role in initial inflammatory

healing phase [19]. Elevated levels of IL-1β and

TNF-α are reported in rat model of healing Achil-

les tendon [20]. Similarly, up-regulated gene

expression of hypoxia-inducible factors-1alpha

(HIF-1α) is reported during normal healing tendon

Fig. 16.2 Photomicrographs of the (a) normal intact

(b) normal ruptured and (c) diabetic ruptured Achilles

tendon of rats stained with Sirius red during

proliferating phase of healing. Normal intact tendon

mainly composed of collagen I fibers of pale green
colour. Normal ruptured tendons exhibited short thin

pale green fibrils arranged in a longitudinal direction

at the ruptured area denoting collagen III-like

structures. In ruptured diabetic tendons very few fibres

of pale green colour were seen, most fibres were of

yellowish red colour and arranged irregularly, denoting

ruptured collagen I structures
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which was not observed in diabetic tendons

[19]. Suppressed HIF-1α expression has also

been reported in hyperglycaemic conditions

[21]. HIF-1α has been demonstrated to be critical

for improving wound healing in diabetic mice

partly by improving angiogenesis, epidermal

regeneration, and recruitment of endothelial

precursors [21].

Growth Factors

Growth factors such as insulin-like growth factor

1 (IGF-I), vascular endothelial growth factor

(VEGF) , transforming growth factor beta

(TGF-β), nerve growth factor (NGF) and brain

derived nuclear factor (BDNF) have been shown

to play crucial role during all stages of tendon

healing from initial inflammatory to late regener-

ative stage.

IGF-1 has been reported to be upregulated

and active during tendon healing by enhancing

collagen synthesis in both animals as well as in

humans. Local IGF-I administration enhanced

tendon collagen synthesis both within and around

the human tendon tissue [22, 23]. In diabetes

reduced IGF-1 levels have been demonstrated

both in clinical and experimental studies.

Patients with type-I DM are reported to have

low IGF-1 levels [24]. Significant reduction of

IGF-1 in serum and bone tissues of animal model

of type-II DM has been demonstrated which

correlated with skeletal changes like endosteal

erosions and osteopenia [25].

VEGF is known to promote angiogenesis

and to induce endothelial cell proliferation and

migration during the early phase of wound

healing. VEGF mRNA are reported to be

expressed at the site of tendon injuries along

with collagen I mRNA [26, 27]. In diabetes,

down-regulated VEGF expression has been

reported during proliferating stage in healing

tendon in animal model of type-II diabetes

which was associated with down-regulated thy-

mosin beta-4 (Tβ-4) expression especially

around newly formed blood vessels [19]

(Fig. 16.3). Tβ-4 is an essential regulatory factor

in angiogenesis [28, 29]. Exogenously applied

Tβ-4 is reported to accelerate wound healing

with decreased scarring [29]. Decreased VEGF

and Tβ-4 expression probably suggest impaired

angiogenesis in injured diabetes tendons.

TGF-β. All three isoforms of TGF-β (TGF-β1,
TGF-β2, and TGF-β3) are known to play vital role
in wound healing and scar formation

[30]. Upregulated TGF-β1 has been reported dur-

ing proliferating stage in healing tendon in animal

model of type-II diabetes [19] (Fig. 16.4). Bone

morphogenetic proteins (BMPs) are a subgroup of

TGF-β superfamily that can induce bone and car-

tilage formation as well as tissue differentiation,

and BMP-12 specifically has been shown to
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influence formation and differentiation of tendon

tissue and to promote fibrogenesis.

NGF strengthens connective tissue healing by

promoting re-innervation, blood flow, and angio-

genesis during normal conditions. In diabetes,

NGF expression has been down-regulated along

with receptor TrkA. NGF is an essential regulator

of BDNF expression during tissue healing in

diabetes. Down-regulation in DBNF receptor

TrkB expression has also been observed

(Ahmed et al. unpublished data).

Matrix Metalloproteinases (MMPs)

The ability to break down and synthesize new

collagen molecules in a tightly controlled and

organized fashion in ECM tissue is critical in

healing mechanism during injury. Certain

MMPs including MMP-1, MMP-2, MMP-8,

MMP-13, and MMP-14 have collagenase activ-

ity and are capable of degrading collagen fibrils

[31]. MMPs play an important role in the degra-

dation and remodeling of the ECM during the

healing process after tendon injury. Tissue in the

ruptured area undergoes marked rearrangement

at the molecular level which is regulated by

MMPs [32]. Lower MMP-3 mRNA levels as

well as changes in MMP-13 mRNA and protein

levels are reported in healing tendons in diabetes

animal model which was associated with changes

in tendon mechanical strength [9]. MMPs have

been suggested to regulate the expression of

VEGF and angiogenic factors [33] (see

Chap. 17).

Summary

The regenerative capability of tendons is

compromised in diabetes with corresponding

expressional changes in collagens, matrix

metalloproteinase, various inflammatory and

growth mediators and their receptors.
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Abstract

Matrix metalloproteinases (MMPs) constitute a group of over 20 -

structurally-related proteins which include a Znþþ ion binding site that

is essential for their proteolytic activities. These enzymes play important

role in extracellular matrix turnover in order to maintain a proper balance

in its synthesis and degradation. MMPs are associated to several physio-

logical and pathophysiological processes, including diabetes mellitus

(DM). The mechanisms of DM and its complications is subject of intense

research and evidence suggests that MMPs are implicated with the devel-

opment and progression of diabetic microvascular complications such as

nephropathy, cardiomyopathy, retinopathy and peripheral neuropathy.

Recent data has associated DM to changes in the tendon structure, includ-

ing abnormalities in fiber structure and organization, increased tendon

thickness, volume and disorganization obtained by image and a tendency

of impairing biomechanical properties. Although not fully elucidated, it is

believed that DM-induced MMP dysregulation may contribute to struc-

tural and biomechanical alterations and impaired process of tendon

healing.
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ECM extracellular matrix

IL interleukin cytokine family

iNOS inducible nitric oxide synthase

MMP(s) matrix metalloproteinase(s)

PGE2 prostaglandin-E2

RAGE(s) receptor(s) for advanced glycation

end products

ROS reactive oxygen species

TGF-β1 transforming growth factor beta 1

TIMP(s) tissue inhibitor(s) of

metalloproteinase

TNF-α tumor necrosis factor alpha

STZ Streptozotocin.

MMPs Structure, Function
and Regulation

Matrix metalloproteinases (MMPs) constitute a

group of over 20 structurally-related proteins

which include a Znþþ ion binding site that is

essential for their proteolytic activities. These

enzymes play important role in extracellular

matrix (ECM) turnover in order to maintain a

proper balance in its synthesis and degradation

[1]. Thus, MMPs substrates are mainly collagens,

but also many other ECM proteins, including

fibronectin, laminin, tenascin, aggrecan and

osteonectin [2].

MMPs can be classified in four groups accord-

ingly to their domain organization, sequence

similarities and their substrate specificity. The

group of (i) gelatinases comprises MMP-2 and

MMP-9 and is characterized by an additional

domain, called collagen binding domain, which

represents the preferential binding domain for

fibrillar collagen I [3]. MMP-2 is generally

expressed in endothelial cells, fibroblasts,

keratinocytes and chondrocytes; while MMP-9

is present in alveolar macrophages, trophoblasts,

osteoclasts and polymorphonuclear leukocytes

[4, 5]. The group of (ii) matrilysins is composed

of MMP-7 and MMP-26 which are able to pro-

cess collagen IV but not collagen I [6], and are

involved in degradation of ECM constituents in

the uterus at postpartum and implantation of

embryos [7]. The (iii) typical MMPs group

comprises three subgroups, namely stromelysins

(MMP-3,-10 and-11), which participate of ECM

turnover but are not able to cleave fibrillar colla-

gen I; Collagenases (MMP-1,-8 and -13), which

are responsible for degrading several native col-

lagen (type I-V, XI) and other MMPs such as

MMP-12, MMP-19, MMP-20 and MMP-27

[4, 8]. The last group is referred as (iv) furin-

activated MMPs and consists of membrane type

MMPs (MT-1,-2,-3,-4,-5-MMPs), transmem-

brane MMPs type II and secreted MMPs

[4]. With a different structural arrangement

from that of MMPs, the disintegrin and

metalloproteinase domain with

thrombospondin-1 motifs (ADAMTS) is another

family of metalloproteinases and consists of

19 members which specifically process

proteoglycans, in particular aggrecan, and

pro-collagen [9, 10].

The MMPs are synthesized as inactive

zymogens with a pro-peptide domain that must

be withdrawn by several proteases, such as plas-

min, thrombin, chimase, and MT-MMPs for pro-

tease activation. Activated MMPs can be either

cell-secreted or membrane-bound exhibiting cat-

alytic activity at the cell surface, intracellularly

and extracellularly [5]. Due to its high proteo-

lytic potential, MMPs are subjected to tight con-

trol and restrictive regulatory mechanisms that

maintain homeostasis at the intracellular and

extracellular level. One of the regulation

mechanisms of the MMPs activity is by their

endogenous inhibitors, tissue inhibitors of

MMPs (TIMPs), which comprise a family of

four members (TIMP-1 to 4) [8]. TIMPs are

expressed in a tissue specific pattern and can

operate through direct MMPs inhibition or by

controlling their activation [11].

MMPs and TIMPs are associated to several

physiological processes such as embryogenesis,

wound healing, proliferation, cell motility,

remodeling, angiogenesis and key reproductive

events [4, 8]. On the other hand, recent evidence

has shown that pathologically increased MMP

activity or imbalance between MMP and TIMP

expression can exacerbate a variety of diseases

[12]. Indeed, MMPs are correlated to the
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pathogenesis of abnormalities of the growth plate

and wound healing, heart failure, arthritic syno-

vial joints, cancer, periodontal disease, ischemic

brain injury [13] and even tendinopathies

[14]. This chapter aims to relate MMPs changes

in the diabetes mellitus (DM) pathogenesis with

special focus on the tendon tissue.

MMPs and Pathogenesis of Diabetic
Complications

DM is a group of metabolic disorders considered

one of the major health problems worldwide

[15, 16]. Chronic hyperglycemia resulting from

defects in the secretion and/or insulin action is

the main feature of the disease and may lead to

vascular damage in vessels, nerves and many

internal organs including the eyes, kidneys and

heart.

Currently, the development mechanism of

DM and its complications is subject of intense

research. It has been observed the involvement of

the MMPs in the development and progression of

various complications of DM [17] and proteases

are speculated to have importance for diabetes

pathogenesis [18]. Previous studies have

demonstrated higher concentrations of MMPs in

the serum from type 1 DM [19], type 2 DM

patients [20] and in a cell culture model for

type 2 DM [21]. By using cultures of endothelial

cells, Death and colleagues [22] demonstrated

that hyperglycemia enhanced activity and

expression of MMP-1,-2, and macrophage-

derived MMP-9; while MMP-3 and TIMP-1

had expression and protein levels decreased and

unaffected, respectively. These results indicate

augmented ECM degradation in hyperglycemic

conditions and suggest that MMPs can be useful

markers for risk and/or progression of diabetic

complications such as diabetic nephropathy and

microangiopathy [23].

High levels of blood glucose are also

associated to dysfunction of several intracellular

signal transduction cascades including genera-

tion of reactive oxygen species (ROS), modula-

tion of protein kinases and accumulation of

advanced glycation end products (AGEs) (see

Chap. 18) [24]. The receptor for AGE (RAGE)

represents the main binding site for AGEs on

resident and/or inflammatory cells and this inter-

action is capable to stimulate the production,

expression and activity of MMPs in specific cell

lines [25]. RAGEs are mainly located on the

surface of macrophages, where they bind to the

ECM proteins.

It is recognized that AGEs are able to affect

the production and structure of ECM proteins,

mainly due to formation of collagen cross-links.

Aside from altered mechanical properties of col-

lagen, AGEs can modify the interaction of colla-

gen with other molecules such as proteoglycans

(PGs), MMPs and cell integrins [26]. This colla-

gen modification by AGEs have been correlated

to inhibited wound repair and exacerbated

inflammation in a rotator cuff tendon-bone [27]

and medial collateral ligament [28] healing

models. If the mechanical effects of AGEs in

the collagenous tissue is not well understood, it

is known that AGE cross-links are involved in

reduced remodeling capacity due to reduced sen-

sitivity to collagenases [29, 30], possibly via

alterations in collagen solubility and augmented

collagen resistance to protease breakdown

[26, 31].

In some tissues, matrix-glycation products

and AGEs formation can attract and stimulate

cells to release cytokines (e.g., IL-1 and IL-6),

MMPs and growth factors (e.g., TNF-α) during
wound repair, which in turn accelerates the

inflammatory response [32]. It should be noted

that certain growth factors (e.g., TGF-β and

CTGF) seem to have a role in the pathogenesis

of long-term diabetic complications since they

have increased concentrations and are associated

to ECM accumulation in diabetic nephropathy

[17] and tenocyte death and scar formation in

tendons [33]. In addition, elevated levels of

inducible nitric oxide synthase (iNOS) and pros-

taglandin E2 (PGE2), disturbance of the insulin

secretion/action and its key signalling proteins,

genetic polymorphism of MMPs and participa-

tion of oxidative stress have all been attributed to

play a role in the elevated MMP expression dur-

ing hyperglycemia in diabetic patients and

models [25, 34].
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MMPs and Diabetic Tendon Disorders:
Current Findings

A growing body of evidence has associated DM

to changes in the tendon structure, including

abnormalities in fiber structure and organization

[35], increased tendon thickness, volume and

disorganization obtained by image findings

[36, 37], and a tendency of impairing biomechan-

ical properties [38, 39]. Interestingly, these ten-

don alterations may represent features of the

ECM, which is in a constant state of dynamic

equilibrium between synthesis and

degradation [40].

Besides the relevance of MMPs in the ECM

turnover and their role in the tendon pathophysi-

ology [41], data linking these proteases to the

development and progression of diabetic tendon

disorders is still scarce. In a recent review, Shi

and colleagues [39] highlighted the participation

of the MMPs in the tendon alterations based in

two studies. The first work, from Ahmed and

co-workers [42], aimed to investigate the

mechanical properties and expressional changes

of genes involved in the tendon healing process

in a diabetic rodent model. The authors found

strong expression of MMP-13 and MMP-3 in

tenocytes both in diabetic and healthy tendons;

whereas MMP-13 expression was upregulated

and MMP-3 expression decreased in the tendon

healing model. Moreover, Tsai and others [43]

found upregulation of MMP-9 and MMP-13 and

increased enzymatic activity of MMP-9 in a ten-

don cells culture treated with high glucose con-

centration. Overall, these results indicate that

hyperglycemia might induce collagen degrada-

tion by increasing MMPs activity and lead to a

low-quality tendon structure [39].

MMPs are also implicated in the development

of diabetic fibrosis, a pathological finding

characterized by ECM accumulation with or

without changes in the ECM composition. Car-

diac fibrosis, for example, is a major feature of

diabetic cardiomyopathy and results in cardiac

dysfunction [44]. Fibrosis is often a result of an

imbalance between MMPs and TIMPs activity

after tissue insults such as hyperglycemia,

dyslipidemia and hypertension [17], but

increased production of collagen and other

ECM components may be also involved. To

date, it is not clear if DM results in fibrosis in

uninjuried or healing tendons. Previously, a

streptozotocin (STZ)-induced diabetes study in

Achilles tendons of rats demonstrated areas of

higher density of collagen I and collagen fibers

disorganization when compared to the controls

[45]. It was suggested that increased vasculariza-

tion associated with cell proliferation and possi-

ble migration caused hypercellularity and

accounted for over-deposition of collagen in the

diabetic group [45]. In fact, recruitment of

inflammatory cells have been connected to

dysregulation of tenocyte homeostasis followed

by secretion of ECM proteins, which results in an

increased turnover and remodeling of the tendon

ECM [41, 46]. Moreover, MMPs are able to

increase release of TGF-β1 (resident in the

tendon’s matrix) which in turn may lead to an

increased fibroblasts proliferation and collagen I

deposition [47]. In this manner, a relationship

between MMP/TIMP system and pro-fibrotic

growth factors might contribute to fibrosis devel-

opment due to ECM turnover dysregulation [17].

As previously mentioned, DM is known to

produce a poor wound healing due to

complications in the connective tissue metabo-

lism, and higher expression of gelatinases in

diabetes might be due to the prolonged inflam-

matory period [48]. In a recent work with

STZ-induced diabetes in rats, Mohsenifar

et al [49] showed impaired mechanical properties

and altered inflammatory response in the diabetic

group after Achilles tenotomy. The authors also

found lower collagen content in the diabetic

group at 15 days after surgery. Taken together,

these results corroborate with other studies

[42, 50] that point out for a delayed healing

process in tendons of diabetic animals. It is note-

worthy to mention that different MMPs operate

in tendons, participating not only of the ECM

degradation but also promoting micro-trauma

healing and maintaining normal tendon function

[41]. In this manner, besides augmented collagen

turnover, other mechanism associated to the

pathogenesis of tendinopathies may involve a

“failed healing response” via decreased MMP-3
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activity, for example [41]. Thus, although not

fully elucidated, it is reasonable to highlight the

participation of regulators of the ECM turnover

(such as MMPs and others) in the tendon’s

delayed healing response.

Conclusion

MMPs play a role in the mechanisms of several

diabetic complications. Although little studied,

evidence suggests that diabetes-induced MMP

dysregulation may contribute to structural and

biomechanical alterations and impair the healing

process in tendons.
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Abstract

Among the many factors playing a role in tendon disease, unregulated

biochemical reactions between glucose and the collagen extracellular

matrix are coming increasingly into focus. We have shown that formation

of advanced glycation end-products that cross-link the collagen extracel-

lular matrix can drastically affect cellular level mechanical properties of

the matrix, and in turn affect cell-level biomechanical stimuli during

physiological loading of the tissue. We suggest that these may adversely

affect tendon cell response to matrix damage, as well as the quality of the

consequent repair. If such mechanical feedback loops are altered, the

ability of tendon cells to maintain tissue in a functional, healthy state

may be compromised. Although key foundational elements of biochemi-

cal, biomechanical, and biological understanding are now in place, the full

extent of how these aspects interact, including the precise mechanisms by

which advanced glycation end-products pathologically disrupt connective

tissue homeostasis and damage repair, are only beginning to be adequately

appreciated.
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Connective tissue aging and disease involve

complexly interwoven phenomena. Of these,

the spontaneous and relatively uncontrolled bio-

chemical interaction of glucose with proteins of

the extracellular matrix is increasingly realized

to be a factor of importance. The so-called

“Maillard reaction”, also known as “glycation”

or “protein browning” has been linked to the

clinically observed mechanical stiffening of con-

nective tissue [5, 22, 36, 46]. This process is a
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progressive and apparently irreversible feature of

aging [34]. Extracellular matrix glycation is

greatly accelerated in diabetes mellitus, a disor-

der characterized by hyperglycemia that results

from insulin deficiency or insulin resistance. This

disease currently affects over 8 % of the adult

population worldwide, with rapidly increasing

prevalence that borders on a global pandemic

[55]. The associated healthcare crisis stems

from the fact that diabetic patients are prone to

long-term and costly complications that drasti-

cally reduce life quality, such as cardiovascular

disease, neuropathy, renal failure, retinopathy,

cataract development, and poor wound healing.

The following chapter will briefly summarize

what is known about the potential role of unreg-

ulated biochemical reactions between glucose

and the collagen extracellular matrix. We focus

particularly on glycation driven biophysical

changes of tendon collagens and their sequela,

keeping in mind that many features of glucose-

related tendon disease are shared with other con-

nective tissue of the body.

Tendon is a highly organized fibrous connec-

tive tissue dominated by (type-I) collagen that

functions to efficiently deliver the muscle forces

that move and stabilize our bony skeleton. Like

certain tissues of cardiovascular system, the

mechanical demands on tendon can be extreme.

Tendon must withstand occasionally enormous

mechanical forces, and yet transfers these forces

within tightly constrained anatomical spaces.

This delicate balancing act requires that the

extracellular matrix be finely tuned in its basic

material properties – namely its elasticity,

viscoelasticity, and resistance to mechanical

damage. These tissue-level functions fundamen-

tally rely on cell-mediated self-assembly of col-

lagen molecules into functional building blocks

that are known as collagen “fibrils”. The physical

properties of individual collagen fibrils is mostly

dependent on collagen molecular packing and

inter-molecular. cross-links [15]. As will be

introduced later, uncontrolled biochemical

reactions between the extracellular matrix and

glucose act on collagen tissue function at this

sub-cellular size scale, with mechanobiological

effects that carry upward to the cell and tissue.

Moving our focus from the molecular scale to

the cellular scale, assemblies of bundled collagen

fibrils emerge into coherent collagen structures

known as “fibers”. From the cellular perspective,

these fibers can be considered as the functional

tendon unit and it is within single fibers and

between neighboring fiber structures that

glycation-mediated cell-matrix interactions are

affected. It is thus at the cell-fiber interface that

collagen glycation can be expected to directly

provoke disruption of normal tendon tissue

homeostasis [32]. Ultimately collagen fibers and

their associated cells are grouped within meso-

scale tissue structures known as fascicles that are

anatomically arranged and recruited to provide

mechanical support of muscle-driven joint stabi-

lization and/or joint motion. In turn, it is the

loading within each mechanically recruited ten-

don fascicle that determines the cell-fiber

interactions that drive tendon homeostasis and

repair. While there is little consensus regarding

what constitutes a homeostatic range of cellular

level mechanical stimulus, seminal in vivo stud-

ies on murine Achilles tendon have demonstrated

that in vivo cell-level matrix strains are remark-

ably conserved within any given tendon fascicle

– typically on the order of 2 % maximal stretch

within any single tendon fascicle – over the

course of an imposed full range-of-motion joint

excursion [47, 49].

How collagen molecule packing and cross-

linking drive the physical properties of the colla-

gen matrix at the cellular scale has been and

remains an active area of research; for a focused

review see: [48]. It is now understood that the

collagen fibril is a helically arranged supramo-

lecular structure that can range in diameter from

a few to several hundred nanometers, with

lengths that may run on the order of centimeters

[13]. The mechanical competence of individual

type-I collagen fibrils depends on the enzyme

lysyl oxidase that regulates a robust formation

of stable inter-molecular collagen cross-links

during maturation [7]. The absence of these

enzymatically mediated chemical bonds drasti-

cally diminishes collagen fibril strength and

whole tissue function [27, 33, 39]. Lysyl oxidase

specifically acts on lysine or hydroxylysine in the

192 J.G. Snedeker



telopeptide region of the collagen molecule,

resulting in divalent immature cross-links

between opposing amino-acids in the triple-

helical region of the molecule [38]. These imma-

ture cross-links later spontaneously convert into

trivalent cross-links that more permanently

secure collagen molecular interconnectivity,

fibril stability and whole tendon biomechanical

properties [7, 16].

The essential functional role of enzymatic

cross-linking in collagen fibril stability and

whole tissue integrity has been convincingly

demonstrated by accumulated experimental evi-

dence [27, 29, 33, 37, 39] and has been mecha-

nistically supported by theoretical studies as well

[52]. At the core of mechanical cross-link func-

tion is the prevention molecular slippage, which

in the absence of cross-links manifests as

non-reversible fibrillar damage [54]. Given that

lysyl oxidase mediated collagen cross-links are

so essential to the proper development of fibril

structure and mechanical integrity, these are per-

haps the best-characterized collagen cross-

linkers.

Despite the fact that enzyme driven cross-

linking plateaus after tissue maturity, connective

tissue stiffness has been shown to further

increase with age and diabetes [9, 28, 30, 42,

45, 51]. This non-enzymatically mediated tissue

stiffening has been attributed in large part to

oxidative reactions between glucose and colla-

gen, and the related formation of so-called

advanced glycation end-products – widely

known as AGEs [4]. Due to the fact that AGE

formation and accumulation are stochastic pro-

cesses, it is more likely to occur in long-lived

proteins [6]. The low biological turnover of col-

lagen thus makes it susceptible to interaction

with metabolites such as glucose, and hypergly-

cemia related to diabetes is suspected to strongly

predispose tissues of these patients to AGE accu-

mulation (see Chap. 3) [2, 43].

Very generally, the glycation reaction initiates

with the formation of a reversible chemical bond,

known as a Schiff base, between a carbohydrate,

typically glucose, and a protein amino group

(e.g., a collagen lysine side-chain) (Fig. 18.1).

The unstable Schiff base may eventually reverse

or can become a stable intermediate structure

commonly referred to as an Amadori product.

Afterwards, a complex series of reactions that

take place over the course of months or years

lead to various metabolic byproducts of glycoly-

sis including the products glyoxal, methylglyoxal

and 3-deoxyglucosone, all of which can interact

with extracellular proteins to form AGEs

[1]. Some AGEs can bridge between the free

amino groups of neighboring proteins to form

inter-molecular cross-links, while others known

as ‘adducts’ affect only a single molecule

[26]. Among the different AGEs, the most abun-

dant known AGE cross-link in collagen tissues is

glucosepane, a lysine-arginine cross-link

[35, 44].

The potentially causative relationship between

AGE cross-linking, altered tissue properties, and

Fig. 18.1 A schematic illustration of the sequence of reactions behind advanced glycation end-product formation

(e.g. shown here for AGE adduct CML, and the AGE crosslinks GOLD and pentosidine) (Adapted from: [25, 48])
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subsequent tissue pathology has long been pos-

ited, and in fact seems plausible on the basis of the

well documented correlation between AGE

markers (pentosidine; auto-fluorescence) and

increasing tissue stiffness [2, 8, 14, 23]. However,

such in vivo correlation is clouded by

confounding factors apart from AGE content –

as any factor that regulates collagen synthesis,

turnover, or enzymatic cross-linking can affect

tissue mechanical properties. These confounding

effects may explain the often divergent

conclusions drawn from experimental studies

based on analysis of human tissues [14] and

those of animal tissue samples [12, 20, 50,

53]. It is perhaps important to note that while

acute diabetic rodent models often show pheno-

typic changes in tendon mechanical properties,

that these do not accord with timescales logically

required for functionally relevant accumulation

of AGE collagen crosslinks [46].

Our own experimental efforts using tissue

explants under carefully controlled conditions

of accelerated AGE formation have provided

support to previous less direct evidence that col-

lagen fibril stiffness remains unaffected by

effects of AGEs, discounting the thesis that

increased fibrillar stiffness underlies the tissue

level changes reported in diabetic tendon

[18]. We have documented, however, that drastic

changes in tissue viscoelasticity occur with

intensive tissue glycation – particularly the effec-

tive elimination of lateral sliding between adja-

cent collagen fibers within a tendon fascicle

[32]. Thus what is often perceived as “tissue

stiffening” rather likely reflects loss of tissue

gliding mechanisms – the clinically observable

effect of which may more precisely be described

as “shear stiffening” or “increase bending stiff-

ness” (please also see Chap. 19) (Fig. 18.2).

Despite the recognized importance of AGEs

in the development of age-related and diabetes-

related conditions, there are still several impor-

tant open questions around their role in the onset

and progression of connective tissue disease.

These can be broadly divided into two largely

overlapping aspects: biomechanical and

biological. The biomechanical consequences

mostly relate to tissue fragility and susceptibility

to injury [17, 19]. While tissue damage behavior

is certainly important, secondary cellular events

may be more crucial to the development of tissue

pathology as these cellular cues tightly regulate

tissue homeostasis, as well as the detection of

matrix damage and the downstream orchestration

of matrix repair. As such, these aspects are essen-

tial to our proper understanding of tissue pathol-

ogy, and may hold the key to identifying novel

therapeutic targets.

Most potentially important cellular

consequences of collagen glycation relate to

Fig. 18.2 Experimental glycation model using ribose

treated rat tail tendon fascicles drastically affects tendon

behavior. Left panels: tissue level changes are apparent,

consistent with tendons seen in very old or diabetic

patients. These may be anecdotally reported as “stiffened

tissues”. Middle panels: the mechanical changes are

actually not related to stiffening of the tissue, but rather

a loss of sliding movements between collagen fibers

[18, 32]. Right panels: This can be quantified biomechan-

ically at the tissue level as severely altered stress relaxa-

tion response
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modified collagen-protein and collagen-receptor

interactions [6]. Here the formation of AGEs

(adducts or cross-links) on specific amino acids

involved in intermolecular recognition and bind-

ing could lead to dramatically modified

interactions between collagen and other

molecules. These consequences may involve ten-

don proteoglycans and bound growth factors,

matrix binding cell receptors such as integrins,

or the activity of cell secreted enzymes – with all

these factors potentially contributing to inhibited

wound repair and an aberrant inflammatory

response [10, 21].

Altered kinetics of the matrix degrading

enzyme family matrix metalloproteinases

(MMPs) come under particular scrutiny, as

AGE cross-links have been demonstrated

in vitro to reduce sensitivity to collagenase (see

Chap. 17) [23, 40, 41]. Interestingly, recent evi-

dence suggests that this inhibition may be

strongly dependent on a mechanically regulated

exposure of enzymatic cleavage sites [11]. These

experiments are further supported by atomistic

molecular modeling studies that have shown that

the collagen amino acids most prone to form

glucosepane cross-links (on the basis of their

position and relative distance) are located close

to MMP cleavage sites [24]. This same modeling

study suggests that collagen epitopes involved in

integrin binding are likely to be affected, as well

as heparin and keratan sulphate binding. In addi-

tion to all of these cell-matrix interactions, pro-

tein glycation is known to provoke cellular

production of reactive oxygen species, and fur-

ther to activate potentially disruptive inflamma-

tory signaling cascades via AGE signaling

receptors (broadly classified as RAGEs; for an

extensive overview see [56]).

A key aspect to consider with respect to

changes in tendon matrix mechanics and tendon

matrix biology is where they intersect: transduc-

tion of external mechanical signals into intracel-

lular signaling pathways. Given the primarily

mechanical function of tendon tissue, it is not

surprising that mechanical forces and matrix

deformations are highly important regulators of

tendon biology. Although mechanical forces and

resulting matrix deformations lie at the center of

tendon homeostasis, the mechanisms by which

extracellular mechanics regulate tissue mainte-

nance and repair are only beginning to be under-

stood. To understand the paradigm by which

homeostasis and repair mechanisms are

adversely affected by AGEs involves elucidating

what is likely to be a one-two punch; First to

define the range of causative biophysical changes

in the matrix and second to probe how these

changes alter biochemical and mechanical regu-

lation of the cells within their matrix.

The most relevant cell stimuli presented by

the matrix can be appropriately described in

terms of “fiber stretch” and “fiber sliding”, with

secondary cell distortion effects related to shear-

ing of the tendon cell nuclei [3, 31]. In bench top

in vitro studies on tendon explants, we have

shown that formation of AGEs fundamentally

alters the manner in which tendon collagen

structures react to loading at the fiber level, in

particular with significantly reduced collagen

fiber sliding [32]. Mechanical testing of rat tail

tendon with induced AGE cross-links showed

nearly complete removal of the lateral fiber–

fiber movements inside the fascicle that domi-

nate normal tissue response to mechanical ten-

sion, while AGE laden tendons demonstrate a

pronounced shift to fiber stretching relative to

fiber sliding. While it remains to be investigated,

such changes in cell-level stimuli can plausibly

be expected to adversely affect the ability of

tendon cells to detect local changes in mechani-

cal tissue loads, such as those related to mechan-

ical matrix damage. If such mechanical feedback

loops are altered, the ability of tendon cells to

maintain tissue in a functional, healthy state may

also be impaired.

Thus uncontrolled reactions between glucose

and the extracellular matrix, including advanced

glycation end-product cross-linking of collagens,

have potential to wreak biological and bio-

mechanical havoc on connective tissues of the

body. Pioneering work by many has illuminated

the nature of these reactions and products

[8, 44]. Still the full extent of functional

consequences of these reactions, including the

mechanisms by which they may pathologically

disrupt connective tissue homeostasis and
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damage repair, are only beginning to be ade-

quately appreciated.
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Abstract

Exercise is crucial in the management of diabetes mellitus and its

associated complications. However, individuals with diabetes have a

heightened risk of musculoskeletal problems, including tendon

pathologies. Diabetes has a significant impact on the function of

tendons due to the accumulation of advanced glycation end-products

in the load-bearing collagen. In addition, tendon vascularity and

healing may be reduced due to diabetes-induced changes in the

peripheral vascular system, and impaired synthesis of collagen and

glycosaminoglycan. The current chapter presents an evidence-based

discussion of considerations for the rehabilitation of tendon problems

in people with diabetes. The following conditions are discussed in

detail – calcific tendinopathy, tenosynovitis, tendon rupture, and

non-calcifying tendinopathy. Common diabetes-related findings are

presented, along with their potential impact on tendinopathy manage-

ment and suggested modifications to standard tendinopathy treatment
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protocols. A holistic approach should be used to optimize

musculotendinous function, including a comprehensive exercise pre-

scription addressing strength, flexibility, and aerobic fitness.

Keywords

Diabetes • Tendon • Tendinopathy • Rupture • Calcification •

Rehabilitation

List of Acronyms and Abbreviations

BMI body mass index

CI confidence interval

CT calcifying tendinopathy

DM diabetes mellitus

IR insulin resistance

OR odds ratio

T1DM type 1 diabetes mellitus

T2DM type 2 diabetes mellitus

Introduction

Exercise is crucial in the management of diabetes

mellitus (DM) and its associated complications.

It can assist in improving glycaemic control [1],

and delivers additional benefits including a

reduced need for diabetic medication, reduced

body weight, improved lipid and cardiovascular

risk profile, greater self-esteem, and improved

physical capacity [2]. There is an argument that

exercise is a potent drug [3] which should be

prescribed to all patients with DM.

The most common side effect of exercise is

musculoskeletal injury [4]. Injury can become a

barrier that prevents patients from achieving

their ideal dose of exercise [5]. Paradoxically,

this barrier to exercise is highest among patients

who have the most to gain from it [1]. Many

musculoskeletal conditions are more prevalent

among people with diabetes [6] and there is a

heightened injury risk when initiating an exercise

prescription [7]. A vicious cycle of injury, physi-

cal inactivity, deteriorating metabolic parameters

[8] and physical deconditioning is seen all too

frequently (Fig. 19.1).

The prevalence of diabetes continues to rise,

and with the disease now affecting millions of

people, it has reached the scale of a pandemic

[9]. Given that tendinopathies and tendon

ruptures are common in the general population

[10], the number of individuals with both diabe-

tes and tendon problems is expected to continue

climbing. The situation is compounded by the

fact that the incidence of common tendon

pathologies is higher in individuals with DM,

and that recovery from injury or surgery is

impaired in people with diabetes, who carry

increased risk of post-operative complications

including infections [11].

Types of Diabetes: Glucose and Insulin
Dynamics

There are two types of diabetes. Type 1 diabetes

mellitus (T1DM) results from autoimmune

processes that destroy the insulin producing

Fig. 19.1 Cyclical relationship between exercise, diabe-

tes and injury
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cells of the pancreas [12]. The loss of insulin

producing cells leads to insulin deficiency. With-

out insulin, glucose cannot enter cells; this life-

threatening situation requires life-long manage-

ment with multiple daily insulin/insulin-

analogue injections or infusions. Type 2 diabetes

mellitus (T2DM) results from a metabolic defect

called insulin resistance (IR) [13]. IR occurs

when the body’s cellular response to insulin

becomes blunted. Insulin resistance occurs on a

continuum; increasing IR manifests as impaired

glucose tolerance, impaired regulation of fasting

glucose levels and, at the upper end of severity,

T2DM [14]. By the time T2DM is diagnosed, the

body has been exposed to up to a decade of mild

to moderately elevated glucose levels [15],

which damages connective tissue.

How Diabetes Affects Tendon
Mechanical Properties

Tendons behave as springs [16, 17]; collagen has

ten times the elastic energy storage capacity of

spring steel [17, 18]. Cross-linking of tendon

collagen is accelerated in DM [19–21]. It has

long been known that the rate of cross-linking

is significantly accelerated by sustained

hyperglycaemia, while more recent data show

that glycaemic swings are also an important pre-

dictor [22]. Cross-linking alters tendon mechani-

cal properties [23] by reducing sliding between

collagen fibers, creating an increased reliance on

the stretching of individual fibers to achieve

energy storage (Fig. 19.2). There are also other

potential mechanisms in tendons exposed to high

glucose levels (see Chap. 18), such as changes in

proteoglycan [24] and matrix metalloproteinase

activity (see Chap. 17) [25], reduced synthesis of

glycosaminoglycan and collagen [26], and accel-

eration of tenocyte senescence [27].

Does Improved Diabetes Control
Translate to Accelerated Recovery from
Tendon Problems?

Reasoning from first principles suggests that

improved diabetes control should lead to

improved recovery from a tendon injury. How-

ever, prospective studies testing this hypothesis

are lacking. Massive weight loss (such as that

after bariatric surgery) profoundly reduces mus-

culoskeletal pain [28–30], and this analgesic

effect both occurs in non-weight bearing

locations (such as the lateral elbow, wrist and

hand) and in weight-bearing locations (such as

the knee, ankle and foot) [28]. Although there are

many potential explanations for the reduction in

symptoms (e.g. mechanical load, improved mood

leading to lower pain perception, cytokines),

massive weight loss unequivocally leads to

improved insulin sensitivity [31]. Whether the

Fig. 19.2 Mechanism of diabetes increasing tendon

injury risk
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improved diabetes control seen with weight loss

can in part explain the resolution of musculoskel-

etal pains, has yet to be addressed.

Considerations for Rehabilitation
of Tendon Problems in People
with Diabetes

This chapter will now describe the association of

the more common specific tendon problems

associated with DM (Table 19.1), and provide

suggestions on how to tailor standard approaches

to rehabilitation to be more suitable for

individuals with diabetes (level V evidence).

Calcific Tendinopathy (CT)

Calcific tendinopathy (see glossary) of the rotator

cuff tendons is a common occurrence in patients

with DM who have shoulder pain. CT is some-

times considered part of a syndrome which

involves inflammation and calcification of other

periarticular shoulder structures (tendons,

sheaths, joint capsule, and bursae) [32]. Use of

either insulin or oral antidiabetic medications is a

risk factor for rotator cuff tendinopathy (OR 1.7

and 1.8 respectively) [33]; however, differential

diagnosis of shoulder pain is not standardized

[34], making the true prevalence (and extent of

overlap) of different causes of shoulder pain

including adhesive capsulitis (frozen shoulder)

difficult to measure in epidemiological studies.

Over 30 % of adults with DM demonstrate CT of

the shoulder, compared with 10 % of controls

[35]. In one series of DM patients with shoulder

CT, calcifications ranged in size from 3–22 mm,

and diabetic patients were acutely symptomatic

if the calcification exceeded 16 mm [36]. Those

with smaller calcifications were reported to expe-

rience a milder, chronic pain condition with

flare-ups and remissions; their pain was typically

described as a dull ache which was worsened

with shoulder active movement [36].

The mechanisms of tendon calcification have

not been fully explained [34, 37], but it can also

occur in other diabetic tendons such as the Achil-

les [38]. However, the relation between calcifi-

cation and symptoms is not clear in other

tendons. The rehabilitation of calcific

tendinopathy is typically the same as for

non-calcific.

Implications for Rehabilitation – Calcific

Tendinopathy of the Rotator Cuff

• Increased incidence among people with

DM

– Possibly due to lower tissue

oxygenation, altered tendon structure

• Avoid exercising in painful arc range

• Encourage good shoulder posture –

retraction – in all glenohumeral

movements

• Be wary of decreased sensation

Tenosynovitis

Flexor tenosynovitis and De Quervain’s tenosyn-

ovitis are more prevalent in adults with DM than

in non-diabetic individuals, although estimates of

prevalence vary [39, 40]. The presence of periph-

eral vascular disease is a risk factor (OR 7.26;

1.57–33.59) for the presence of tendinitis/bursitis

including flexor and De Quervain’s tenosynovitis

[39]. In addition to the pathological changes

described above, diabetes also promotes tendon

thickening [41] which could increase friction

between the tendon and synovium.

Diagnosis of flexor tenosynovitis is typically

made by palpation of a thickened tendon nodule,

with a triggering or catching sensation when

moving the finger between flexion and extension.

Individuals with DM-related flexor tenosyno-

vitis do not necessarily experience any disability

related to the tenosynovitis; despite this, their

grip and pinch strength may be reduced

Table 19.1 Tendon problems with reported increased

incidence with DM, or for which DM is a reported risk

factor (see text for details)

Tendon problems in

people with DM Common locations

Calcific tendinopathy Rotator cuff

Tenosynovitis Flexor tendons of hand

Tendon rupture Rotator cuff, Achilles

Tendinopathy Rotator cuff, elbow, Achilles
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[42]. Given that most resistance training

protocols require gripping heavier weight than a

person is typically exposed to in their daily life, it

would be reasonable to screen for tenosynovitis

and other diabetic hand complications

(e.g. Dupuytren’s, cheiroarthopathy), and to

ensure adequate grip strength prior to

strengthening – particularly if the program will

involve the use of barbells or free weights.

It should be kept in mind that individuals who

have tenosynovitis accompanied by DM do not

experience the same clinical benefit from corti-

costeroid injection as do non-diabetic controls

[43]. Therefore, care should be taken not to exac-

erbate this condition when prescribing exercise.

Implications for Rehabilitation –

Tenosynovitis

• Increased incidence among people with

DM

• Recommend screening for tenosynovi-

tis and other hand complications prior to

prescribing strengthening program

• May need to modify grips on weights/

equipment

• Special caution if considering cortico-

steroid injection

Tendon Rupture

In the largest study available to date, the inci-

dence rate ratio for tendon rupture (all locations)

in patients with DM vs controls was 1.4 (95 % CI

1.10–1.87), although adjusting for alcohol and

BMI suggested a less conservative estimate

would be 1.84 [44]. The majority of tendon

ruptures in people with DM in that study were

of the rotator cuff, but cases also occurred at

other sites (Achilles, distal biceps, hip/pelvis).

The Achilles tendons from individuals with DM

demonstrate reduced elasticity, reduced maxi-

mum load, and reduced energy at breaking

point; changes which would be expected to pre-

dispose to rupture [45]. In addition to an

increased risk of tendon rupture, people with

DM may experience delayed healing following

tendon repair (see Chap. 16) [46]. As in skin, the

inflammatory and angiogenic response after ten-

don repair is significantly reduced in diabetic

rats [47].

Because the risk of infection is higher

amongst individuals with diabetes [48] and due

to generally worse surgical outcomes with sports

medicine procedures in people with diabetes

[11], many surgeons opt for conservative man-

agement of tendon ruptures.

Exercise-based strategies to increase tendon

blood flow [49] during the repair phase, such as

early active ROM, may be of particular impor-

tance for diabetic patients. Healing times and

progression through rehabilitation may need to

be more conservative. Unlike wound healing

which can be monitored visually, or bone union

which can be determined from x-rays, the moni-

toring of tendon healing (with serial US or MRI)

does not provide a very useful indicator of when

it is safe to progress loading. These imaging

modalities are also impractical or too costly for

most rehabilitation centres. Given the magnitude

of healing impairment in studies of diabetic rats

[50], a conservative approach (in the absence of

clinical studies) would be to delay each phase of

rehabilitation by 25 %, or to start each new exer-

cise with 25 % less loading than one would typi-

cally use. Other, more experimental, approaches

to increase tendon blood flow and speed healing

include intermittent pneumatic compression

[51], or heat [52].

Implications for Rehabilitation – Tendon

Rupture

• Increased incidence among people with

DM

– Secondary to altered tendon struc-

ture/function

• Incorporate early active ROM during

repair phase

• Delay each phase and reduce intensity

of rehabilitation program
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Tendinopathy (Non-calcifying)

Complications of DM are wide ranging. In addi-

tion to the specific tendon problems discussed

above, other musculoskeletal complications of

DM include adhesive capsulitis (frozen shoul-

der), cheiroarthropathy (stiff hand syndrome),

Dupuytren’s contracture, diffuse idiopathic skel-

etal hyperostosis, Charcot’s joints, and

amyotrophy [53]. Complications in other body

systems include cardiovascular and peripheral

vascular disease, nephropathy, neuropathy, and

retinopathy. These conditions can require reha-

bilitation measures for tendinopathy to be

modified.

A number of non-calcifying tendinopathies

have been suggested to be more common in

individuals with DM. However, the associations

are currently controversial. In a study of

202 individuals (100 DM and 102 non-diabetics),

the prevalence of lateral (20 %) and medial

(16 %) epicondylitis was higher than in controls

(3.9 and 1.0 %, respectively). However, this

study did not adjust for smoking [39]. Titchener

et al, in a large study (4498 individuals with

lateral epicondylitis) found that DM was not a

risk factor, after controlling for smoking and

other relevant confounders [54]. De Jonge

et al found that, out of 117 incident cases of

Achilles tendinopathy, 9.3 % had DM, but this

was not significantly different than the general or

control populations [55]. Rechardt et al found an

increased risk of rotator cuff tendinopathy in men

with TIDM [56], while in another small case

series, Holmes and Lin found an increased risk

of symptomatic AT in young men (<44 years

old) [57].

Tendinopathies in individuals with DM dem-

onstrate, on average, less blood flow on power

Doppler ultrasound than tendinopathies from

people without DM [58]. This finding is based

on a retrospective chart review (104 diabetic and

221 controls) of sonographically diagnosed

tendinopathy (Achilles, patellar, rotator cuff,

elbow and wrist). The authors suggested that, as

in healing wounds or ruptured tendons, diabetic

tendinopathy may be characterized by reduced

blood flow [58]. This could result from periph-

eral vascular changes affecting the area, and/or

reduced angiogenesis in and around the tendon

lesion. If tendon blood flow, important for

healing, is on average reduced in diabetic

tendons, can this situation be improved with

strategies to increase blood flow? Tendon blood

flow can be dynamically increased with exercise

[59]. Thus, exercise which increases blood flow

throughout the affected extremity without plac-

ing excessive strains on the affected tendon, may

encourage healing; both isometric and isotonic

exercise can be very useful in this regard. Con-

trolled tendon loading (e.g. progressive exercise)

is also thought to exert a beneficial adaptive

stimulus to healing tendon and its associated

muscles [60].

Common Clinical Findings in DM
Patients with Tendinopathy

It is not yet known whether diabetes-induced

changes in tendon properties can be reversed

with exercise. Despite this, substantial gains in

muscle strength and flexibility can be expected in

patients with DM after several weeks of resis-

tance and flexibility training, even in the absence

of observable improvement in the tendon itself.

Table 19.2 lists some common clinical

findings in DM patients with tendinopathy, with

suggested clinical considerations. Of these, spe-

cial mention should be given to altered foot bio-

mechanics, and the associated risk of pressure

ulcers. Altered foot biomechanics in patients

with DM have been described, including Achil-

les tendon shortening and thickening, and prema-

ture tensioning of the plantar fascia during the

gait cycle [61, 62]. Calcaneal valgus has also

been noted to occur in association with diabetic

neuropathy [63], the end-result of which is

reduced quality of movement and poor balance

[64], and increased pressure on the plantar aspect

of the foot – leading to a heightened risk of

diabetic pressure ulcers at this location. Flexibil-

ity of the lower extremity tendons and joint range

of motion should be carefully assessed in people

with DM, and a combination of calf stretching
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Table 19.2 Manifestations of DM to be considered during rehabilitation of tendinopathy

Implications for rehabilitation – tendinopathy

Potential diabetes-

related finding

Potential impact on tendinopathy

management

Suggested modification to standard treatment

protocols

Poor glycaemic

control

High blood glucose levels perpetuates

poor tendon health and impairs healing

[67]

Regular (daily) exercise to promote glycemic

control

Hypoglycemia can occur during or post-

exercise

Measure blood sugar levels pre- and post-

exercise; monitor dizziness, mood change,

excessive sweating; keep sugar (e.g. juice) on

hand

N.b. hypoglycaemia may occur even several

hours after exercise

Low physical activity

levels

Worse prognosis/delayed progress with

rehabilitation [68]

Emphasize behavioural change approach for

increasing physical activity

Provide a detailed, and relevant, and realistic

exercise prescription

Reduced tendon

blood flow

Might delay healing [69] Aerobic training

Intermittent pneumatic compression [51]

Repetitive exercise of the specific muscle-

tendon unit [70]

Heat may be helpful [52]

Reduced muscle

strength

Tendon de-adaptation Progressive resistance training with carefully

monitored loads [71]

Emphasize importance of warm-up and cool-

down for exercise program

Reduced soft-tissue

flexibility

Decreased tendon length Progressive resistance training with carefully

monitored loads, progressing to eccentric

activities as tolerated

General flexibility training [72]

Reduced balance Increased risk of injury during

rehabilitation or when increasing activity

levels

Evaluate balance prior to initiating treatment

Include balance and agility exercises

Peripheral neuropathy Numbness and tingling in extremities Caution with prescribed exercises and other

treatments

Poor balance (see above) Consider non-weightbearing physical activity

Decreased exercise ability

Delayed healing

Risk of plantar pressure ulcers

Autonomic

neuropathy

Postural hypotension Caution with prescribed exercises and other

treatmentsBlunted heart rate response

Silent ischemia

Peripheral vascular

disease

Intermittent claudication Consider treatment options for pressure ulcers,

e.g. LLLT, ESWT [73]Pressure ulcers

Poor wound healing

Infections

Altered foot

biomechanics

Standard rehabilitation exercise may need

to be adapted to avoid excessive/

inappropriate tissue strains

Orthotics, adapted exercises, good footwear

Hypercholesterolemia Weakens tendons; statin use may also

cause myalgia and tendinopathy

Consider switching statins if a secondary

tendinopathy is suspected. Consider other

(non-statin) pharmacological treatment options

Potential for pressure

ulcers

Rehabilitation could increase at-risk areas Monitor for signs of skin breakdown
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and progressive training prescribed using a com-

bination of modes (isometric, concentric, eccen-

tric), but only as far as the foot posture will allow

without sacrificing a normal movement pattern,

and without placing undue pressure on the plan-

tar surface. Good footwear should also be

emphasized. Although a recent randomized con-

trolled trial suggested that orthotics do not

benefit people with Achilles tendinopathy [65],

this trial cannot be generalized to individuals

with DM who have identified biomechanical

abnormalities of the foot.

Conclusion

Clinicians are required to design physical activ-

ity programs for patients with DM, many of

whom may present with a tendon problem.

Patients with DM who do not have a tendon

problem, are predisposed to developing one as

they begin exercising more. In either situation

(actual tendon problem, or increased risk), a

holistic approach should be used to improve the

client’s physical activity level and optimize

musculotendinous function, including a compre-

hensive exercise prescription addressing

strength, flexibility, and aerobic fitness. A rea-

sonable goal is to identify a safe form of aerobic

exercise in which the client can engage naturally

and with enjoyment, 30–60 min a day, at least

4 days per week, at moderate to vigourous inten-

sity, free of tendon pain. In addition, resistance

and flexibility training are an important compo-

nent of the exercise prescription [66].

Glossary

Calcific tendinopathy also known as calcific

periarthritis, periarticular apatite deposition,

calcifying tendinitis (Ref. [37]).
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Abstract

The role of inflammation in tendon disorders has long been a subject of

considerable debate. Developments in our understanding of the basic

science of inflammation have provided further insight into its potential

role in specific forms of tendon disease, and the circumstances that may

potentiate this. Such circumstances include excessive mechanical stresses

on tendon and the presence of systemic inflammation associated with

chronic diseases. In this chapter a brief review of the basic science of

inflammation is provided and the influence that it may play on tendons is

discussed.

Keywords
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Introduction

Inflammation plays a significant role in many

acute and chronic musculoskeletal disorders.

However its role in tendon disease has been an

area of considerable debate for some years. Sev-

eral texts from the early twentieth century pro-

posed tendon disorders to be degenerative

[12, 37], but nevertheless the term ‘tendinitis’

became the common descriptor, leading to the

assumption by clinicians that inflammation is

key. The term ‘tendinosis’ was proposed

40 years ago [39] to emphasise the lack of evi-

dence of inflammation in chronic tendon disease,

but energetic research into the role of inflamma-

tion has only been pursued in the last 15 years.

Considerable insights have been gained, but the

topic remains hotly discussed. Perhaps inevita-

bly, the reader will conclude from this chapter

that all parties are correct: inflammation has role

to play in some tendon disorders, but not all.
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Any discussion of the potential roles that

inflammation may play in tendinopathies

demands an insight into the basic physiology of

inflammation and how it may have direct and

indirect effects on tendons. Perhaps the two

most relevant mechanisms to consider in the

modern day world are mechanical load and met-

abolic disease and these provide excellent

platforms on which to base a review of the poten-

tial role of inflammation in tendon disease. Fur-

thermore, the reader should refer to texts on the

increasing understanding of inflammation in

osteoarthritis, another condition previously con-

sidered to be ‘degenerative’ in nature.

Inflammation

Inflammation involves a cascade of cellular and

immunovascular responses to harmful stimuli

[24, 30]. It has an important physiological role,

and is considered to be an essential process in the

resolution of healing in response to acute insult

such as infection or injury. Whilst an acute con-

trolled inflammatory response to injury can be

adaptive and protective, it can be detrimental if

unregulated and chronic. Furthermore, inflam-

mation can also occur when the normal homeo-

stasis of physiological systems are disrupted, for

example by stresses, hypoxia and metabolic

diseases (see Chaps. 9–18), and in this context

may represent a pathological rather than protec-

tive process [36]. Uncontrolled inflammation can

also be driven by chronic infections, autoimmune

disease and other factors that are outside the

scope of this text.

Markers/Mediators of Inflammation

Significant progress has been made in our under-

standing of the basic cellular and molecular pro-

cesses in acute and to a lesser extent chronic

inflammation. However, one of the principle

reasons for the debate surrounding inflammation

in tendinopathies relates to the fact that our

insights into these processes in musculoskeletal

disease remains limited. We do not know

whether some of the processes relate to

physiogical protective responses or pathological

damage, and research continues on the complex

interplay between cells (eg leucocytes,

tenocytes) and molecular components such as

pro- and anti-inflammatory cytokines, growth

factors and enzymes. Whilst many mediators

have been identified, their relative roles in spe-

cific tendon conditions continue to be examined.

Although the response to mechanical load is the

primary focus in this area, the pathological

effects of metabolic dysfunction on tissue pri-

marily as a result of systemic chronic inflamma-

tion must also be considered, in particular due to

the rising incidence of obesity and other related

metabolic disease.

Cellular and Molecular Mediators
of Inflammation

A helpful review of the origin and physiologi-

cal roles of inflammation is provided by

Medzhitof [36], who describes exogenous

initiators of inflammation as those that are

either microbial, or non-microbial including

foreign bodies, toxins, allergens and irritants.

Endogenous inducers are less well defined and

understood, but include signals from stressed or

damaged cells (for example due to disease),

products of ECM breakdown, crystals such as

urate and calcium pyrophosphate (see

Chaps. 10, 11 and 12), lipopolysaccharides,

collagen etc.

The best understood acute inflammatory

response relates to initiation through exogenous

triggers such as infection or foreign bodies.

Neutrophil, macrophage and mast cell activation

leads to the production of mediators of inflam-

mation. These include vasoactive amines

(eg histamine, serotonin), vasoactive peptides

(eg substance P) (see Chap. 5), complement

products, lipid mediators (eicosanoids and

platelet-activating factors), cytokines, chemo-

kines and proteolytic enzymes. The specific

mediators that are induced vary with the nature
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of the inflammatory trigger and the tissues

involved. Some mediators have effects not only

on the target tissues but also on the activity of

other mediators.

In the acute phase, endothelial activation

allows accumulation of leucocytes (predomi-

nantly neutrophils), which with plasma proteins

form the inflammatory exudate. Neutrophils pro-

duce toxins through degranulation to kill the

external agents; local tissue damage also occurs

as a result [24, 30]. There then follows resolution

of the inflammatory process and repair of the

tissue through activated macrophages, and the

production of proinflammatory prostaglandins

switches to provision of anti-inflammatory

lipoxins and growth factors such as TGF-β.
Where for any reason there is persistence of the

inflammatory response, neutrophils are replaced

by macrophages and, variably, lymphocytes.

Chronic inflammation through the production

and activity of the inflammatory mediators

ensues.

Most of our understanding of inflammatory

pathways relates to the exogenous agents or

macrotrauma. It is not known how closely these

processes apply in the context of low-grade

chronic mechanical tissue microtrauma, and in

endogenous tissue stresses such as metabolic

diseases and systemic inflammation. Once

initiated, the typical acute inflammatory response

has the purpose of adaptation to the insult and

returning the tissue to its normal baseline homeo-

static state. If the inflammatory stimulus persists

then a maladaptive state of chronic inflammation

arises.

We do know that endogenous agents induce

inflammation through activating mediators of

inflammatory pathways, including cytokines

(eg. TNF-α, IL1-β, IL-6) and prostaglandins.

For example in hyperuricaemia, the deposition

of crystals in tissues such as tendon can activate

macrophages that deal with the crystals as for-

eign bodies and involves an inflammatory

response (see Chap. 11) [32, 36]. In obesity,

hypertrophic adipocytes secrete chemo-

attractants that draw immune cells into the tissue

(see Chap. 15). Secretion of pro-inflammatory

mediators such as TNF-α, IL-1β, and IL-6 by

adipocytes, pre-adipocytes, and infiltrating

immune cells promotes pro-inflammatory mac-

rophage and T cell activity [34]. Lipolysis results

in increased levels of Free Fatty Acids (FFAs)

that are in themselves pro-inflammatory

[34]. This inflammatory environment negatively

impacts on the insulin signaling pathway and a

state of insulin resistance results. Hypertrophic

adipocytes are also associated with hypoxia,

which further drives a hostile environment.

Other endogenous initiators of inflammation

include advanced glycation end products (AGEs)

(see Chap. 18) and oxidized lipoproteins (such as

high-density lipoproteins and low-density

lipoproteins) [10]. AGEs are seen in ageing and

in Type I and Type II Diabetes, and HDL and

LDL are seen in lipid disorders. The precise

mechanism by which inflammation is activated

by these endogenous factors is far from clear

[10, 36, 52].

Evidence for Inflammation Across
the Spectrum of Tendon Disease

Inflammation plays a variable role in tendon

disorders, and is influenced not only by mechan-

ical stresses but also by underlying disease pro-

cesses such as metabolic, endocrine, and

autoimmune diseases, drugs, and patient

characteristics (age, genetics, other

comorbidities, eg. gender). It appears that all

forms of the tendon can be affected, including

the core tendon, tendon sheath and

enthesis (Fig. 20.1).

Mechanical Effects on the Core Tendon:
Tendinosis

The study of the pathophysiology of early

tendinosis in humans is limited by the lack of

opportunity to obtain biopsies in such cases,

and much of our knowledge about acute tendon

pathology in general is reliant on animal

models. In chronic disease, more human
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studies are available but are still limited in num-

ber (Fig. 20.2). Studies of humans with

tendinosis have failed to show significant inflam-

matory cells around lesions [39, 43] leading to

the dogma that inflammation plays little or no

role in tendinosis [22]. Developments in

immunohistochemistry and molecular biology

have led to this belief to be challenged

[41]. Clearly there is much more work to be

done in this field but it is worth emphasising the

rationale for considering inflammatory

mechanisms in tendon disease.

T and B lymphocytes have been identified in

chronic Achilles tendinopathy [44]. Increased

levels of proinflammatory mediators including

IL-1, IL-6, Cox-2 and Substance P have been

found [14, 19, 20, 28, 45, 53]. Prolonged exercise

is associated with increased peritenidous levels

of PGE2, thromboxane, bradykinin and IL-6 in

peritendinous tissue [25–27]. All are

proinflammatory. Furthermore, increased levels

of cyclooxygenase-2 (COX-2) are seen in patel-

lar tendinosis [15], and repeated injection of

PGE2 around tendon causes degenerative

changes. These findings are not entirely straight-

forward, since PGE2 may also have anti-

inflammatory effects [42]. Furthermore, Clearly

there are other reasons for pain in tendinosis,

since PGE2 levels are not correlated with pain.

[5, 6].

Once initiated, by whatever trigger, tendinosis

involves collagen disruption and degradation,

extracellular matrix changes and tenocyte apo-

ptosis [43]. Inflammation may act as an initial

T
C

M
F

C

Collagen (60% dw) including
type I (III, IV, V, VI, XII, XIV)

Proteoglycan (0.5% dw) 
including decorin, versican, 
lumican

Glycoproteins (5% dw) including
tenascin, COMP, elastin

As above, but also includes:
collagen type II, IX, XI,
aggrecan, biglycan

Midsubstance Composition

Insertion 

A

B

Fig. 20.1 Schematic of tendon structure and composi-

tion. The tendon midsubstance (A) is a dense, fibrous

connective tissue of crimped fiber bundles, mostly aligned

with the long axis of the tendon. The matrix consists

predominantly of type I collagen, with lesser amounts of

‘minor’ collagens, proteoglycans and other glycoproteins.

The tendon�bone insertion (enthesis) (B) shows more

rounded cells with an Indian-file appearance and a grad-

ual transition from tendon (T) to fibrocartilage (F) to

calcified fibrocartilage (C) to mineralized bone (M). The

matrix composition of the enthesis is similar to the tendon

midsubstance but also contains additional ‘minor’

collagens and increased quantities of the proteoglycans

aggrecan and biglycan. Photomicrographs (A) and (B) are

H&E-stained sections of tendon midsubstance and inser-

tion, respectively. Abbreviations: COMP, cartilage oligo-

meric matrix protein; dw, dry weight; H&E, hematoxylin

and eosin
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trigger to these ‘degradative’ processes seen in

human tendons and may still play a role in the

progression of tendon disease.

The most extreme example of tendon disrup-

tion, rupture, provides the easiest model for

studying the role of inflammation in tendon dis-

ease. It should be noted that this model may not

reflect the processes involved in lower grade

overuse injuries, but it is useful nevertheless.

The inflammatory processes described earlier

have been demonstrated in models of tendon

rupture [44]. Cytokines and growth factors are

produced not only by leucocytes but tenocytes

also have the capacity for endogenous expression

[21, 40, 47]. The actions of these agents on the

tendon are considered to be largely

proinflammatory and degradative (Tables 20.1

and 20.2). Some anti-inflammatory cytokine

activity may exist.

Schulze-Tanzil and colleagues [44] reviewed

the role of proinflammatory and

immunoregulatory cytokines in tendon healing

and rupture. They emphasise the mechanosen-

sitivity of tendon cells, the role of

proinflammatory cytokines and the influence of

load on their expression. These proinflammatory

cytokines are produced both by leucocytes and

tenocytes in response to trauma and exercise

(which can have effects not only through loading

but also hypoxia). They affect extracellular

matrix (ECM) homeostasis, accelerate

remodeling, amplify biomechanical adaptiveness

and promote tenocyte apoptosis. There are mul-

tiple interrelations between cytokines and tendon

ECM synthesis, catabolic mediators such as

matrix-degrading enzymes, inflammatory and

angiogenic factors (COX-2, PGE2, VEGF, NO)

and cytoskeleton assembly [44]. Such complex

interactions may interfere with or promote

healing and repair.

New vessel formation, accompanied by neural

ingrowth, is commonly seen in patients with

Matrix

Collagen type I

Collagen type III

Fibronectin

Tenascin C

Aggrecan

Biglycan

Versican

Decorin

Dermatan sulfate

Pentosidine

(AGE cross-link)

Enzymes

MMP1

MMP2 

MMP23

ADAM12

ADAMTS2

ADAMTS3

MMP3

MMP10

MMP12

MMP27

ADAMTS5

Cytokines and signaling factors

TGF-β COX2

IGF-I Glutamate

PDGFR Substance P

VEGF NMDAR

PGE2 TGF-βR1 

A B

Fig. 20.2 Major structural and molecular changes in

chronic tendinopathy. Typical features of tendinopathy

are cell rounding and increased cell number, proteoglycan

content and vascularity. Major molecular changes that

have been identified by gene-expression studies, protein

analysis or both are summarized. Molecules for which

expression levels are increased are denoted by an upwards

arrow, molecules for which expression levels are

decreased are denoted by a downwards arrow and

molecules for which expression levels remain unchanged

are denoted by a horizontal arrow. Note that not all the

changes shown have been rigorously confirmed, particu-

larly at the protein level. Photomicrograph (A) is an alcian
blue/H&E-stained section of supraspinatus tendinopathy,

showing proteoglycans stained blue. Photomicrograph

(B) is an H&E-stained section of Achilles tendinopathy,

showing increased cellularity and proliferation of blood

vessels. Abbreviations: ADAM, a disintegrin and

metalloproteinase; ADAMTS, ADAM with

thrombospondin motifs; AGE, advanced glycation end

product; COX2, cyclooxygenase 2; H&E, hemotoxylin

and eosin; IGF-I, insulin-like growth factor 1; MMP,

matrix metalloproteinase; NMDAR, N-methyl-D-aspar-

tate receptor; PDGFR, platelet-derived growth factor

receptor; PGE2, prostaglandin E2; TGF-β, transforming

growth factor β; TGF-βR1, TGF-β type 1 receptor; VEGF,
vascular endothelial growth factor
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Table 20.2 Potential roles of some cytokines, growth factors and enzymes in tendon disease

Agent Group

Pro-

inflammatory

activity? Examples of sources Comments

IL-1, IL-6,
IL-10

Cytokine ✓ Macrophages,

tenocytes

Eg IL-1 induces Cox-2, PgE2, MMPs,

accelerating tendon degradation

TNFα Cytokine ✓ Macrophages,

tenocytes, others

Pro-inflammatory, helps collagen synthesis.

May influence tenocytes to produce pro- or

anti-inflammatory cytokines

IL-4 Cytokine ✗ T Lymphocytes Anti-inflammatory: reduces TNFα, IL-1,
IL-6 and promotes fibroblast proliferation

Prostaglandin
E2 (PGE2)

Ecosanoid ✓ Macrphoages,

Tenocytes, others

Various pro-inflmmatory effects. Can have

anti-inflammatory actions

Cox-2 Isoenzyme ✓ Various: many,

including tenocytes

Upregulated during inflammation

VEGF Growth

factor

✓ Macrophagesm

firoblasts, tenocytes

Increased in hypoxia. Angiogenesis, can be

pro-inflammatory, various effects

TGFβ Growth

factor

✗ Macrophages,

tenocytes, others

Upregulates TIMP, inhibits MMPs,

angiogenesis

Fibroblast
growth factor
(FGF)

Growth

factor

✗ Various including T

lymphocytes,

fibroblasts,

macrophages

Promototes angiogenesis, fibrosis

Platelet
derived
growth factor
(PDGF)

Growth

factor

✗ Platelets,

macrophages,

fibroblasts,

endothelial cells,

Angiogenesis, neutrophil and fibroblast

chemotaxis, fibroblast proliferation,

synthesis of matrix proteins

MMPs Enzymes ✗ Macrophages,

endothelial cells,

others

Degradative, catabolic potentially triggered

by initial inflammatory process?

TIMP Enzymes ✗ Various Inhibits MMP actions

These are influenced by mechanical factors and physiological stimuli. Mechanical stress deprivation leads to over

expression of pronflammatory cytokines. Note endogenous production of many by tenocytes (TNFα, il-1, IL-6, IL-10,
VEGF, TGFβ). [44].

Table 20.1 Mediators of inflammation

Group Examples Common actions

1 Vasoactive amines Histamine, serotonin " Vascular permeability, vasodilation/constriction

2 Vasoactive

peptides

Substance P Mast cell degranulation, " Vascular permeability,

vasodilation

3 Complement

fragments

C3a, C4a, C5a Promote granulocyte & monocyte recruitment & mast cell

degranulation

4 Lipid mediators

Ecosanoids Prostaglandins (PgE2 & PgI2) PgE2 and PgI2: vasodilatation

PgE2: Principally pro-inflammatory

Lipoxins Anti-inflammatory, promote resolution & tissue repair

Platelet activating

factors

Recruitment of leucocytes, vasodilation, vasoconstriction,

" Vascular permeability, platelelt activation

5 Cytokines &

chemokines

TNFα, IL-1, IL-6, others (see
Table 20.2)

See Table 20.2

6 Proteolytic

enzymes

Elastin, cathepsins, Matrix

Metallo Proteinases (MMPs)

Diverse effects. MMPs

Some promote tissue remodeling and leucocyte function
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tendinosis (see Chap. 5). Its pathophysiology is

still not clear. It may be driven by hypoxia, which

is common in metabolic diseases and in exercise.

VEGF, produced by macrophages is considered

to play a role. It has a proinflammatory action but

also has other mechanisms by which tendons can

be damaged, including upregulation of MMPs,

and down regulation of TIMP [29]. The presence

of neural sprouting with angiogenesis is relevant

to considering the role of inflammation. ‘Neuro-

genic inflammation’ – the release of

pro-inflammatory mediators such as Substance P,

Calcitonin gene related peptide and calcitonin

and endothelin – may contribute to the progres-

sion and the pain of tendinopathy [29].

Inflammation in Tendinopathy
in Subjects with Metabolic Diseases

Having considered the role that inflammation

may have in the initiation of ‘mechanical’

tendinosis, it is easier to understand the

mechanisms by which metabolic diseases

such as obesity, diabetes, hyperlipidemia,

hyperiricaemia, calcium pyrophosphate disease

(CPPD) and drugs may cause tendon disease

(Table 20.3).

These metabolic diseases can have negative

influences on tendons through a number of

mechanisms that lead to a failure of tendon

homeostasis and consequential pathologies. The

association between such diseases and tendon

complaints is often overlooked and therefore

the pathophysiology is not well understood. As

will be discussed, specific potential mechanisms

are associated with different metabolic

conditions, but generic risks include systemic

inflammation and hypoxia. Systemic inflamma-

tion causes a decline in functions and adaptive

responses in many tissues through the actions of

peripheral mediators (including those that are

proinflammatory) and hypoxia. Hypoxia

promotes the expression of proinflammatory

cytokines, key apoptotic mediators and drives

matrix component synthesis towards a collagen

type III profile by human tenocytes. [38].

Tendon abnormalities, both of load bearing

and non-load bearing tendons, are more common

in individuals with higher adiposity. This is par-

ticularly the case for males and oestrogen may

provide a protective benefit. Adiposity has an

effect even if the subject is of normal weight

[3, 17, 18, 49, 50], emphasising that although

increased mechanical stresses and the effects of

consequential fibre disruption undoubtedly

drives some of the tendon changes seen in

obese subjects, the systemic effects of adiposity

play a significant role. Proinflammatory

mediators including TNF-α, PGE2 PGE2, and

LTB4 are seen in obesity. This is in keeping

with the wider “tissue stress” effects of chronic

inflammation, described earlier. Adipose tissue

acts as an endocrine organ and produces active

proteins and hormones, adipokines. These have

the capacity to modulate cytokines,

prostaglandins and MMP production.

Insulin resistance is often associated with

obesity and other metabolic and systemic

diseases, and it plays a potentially pivotal

role in the development of tendinopathies.

When blood glucose availability is increased,

the production of AGE’s (proinflammatory

initiators, discussed earlier) is markedly ele-

vated. These are not only associated with protein

degradation, but also with nitric oxide destruc-

tion and growth factor inhibition, increasing

apopotosis through oxidative stress and increased

activity of pro-apoptotic and proinflammatory

cytokines.

Table 20.3 Metabolic disorders associated with

tendinopathies

Obesity

Diabetes

Hyperlipidaemia

Gout

CPPD

G6PD deficiency

Alkaptonuria

Hypercalcaemia

Drugs:

Fluoroquinolones

Statins

Urate lowering therapies
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Dyslipidaemia also part of the metabolic syn-

drome, is associated with elevated total and LDL

cholesterol, triglycerides and lowered HDL levels.

Lipids such as LDL have proinflammatory

actions, but the specific role of inflammation on

tendons and indeed the association between

dyslipidaemia and tendon pathologies is not

clear. Dylipidaemia can be familial (Heterozy-

gous Familial Hyperlipidaemia), where

xanthomata are seen, including in tendons.

Non-familial hyperlipidaemia may still be

associated with tendon disease through micro-

scopic deposition of lipid molecules which could

drive inflammation; this has not been studied.

The introduction of statins in hyperlipidaemia

can cause exacerbation of tendon pain. This is

considered to be secondary to the rapid reduction

of serum cholesterol, leading to mobilisation of

lipids and reaction at least in part through a

proinflammatory response [2].

The effects of hyperuricaemia are many and

varied and can be increased by local hypoxia and

mechanical stresses. Hyperuricameia can be part

of the metabolic syndrome, and associated with

obesity and dyslipidaemia or can exist as a soli-

tary condition. Hyperuricaemia can be asymp-

tomatic, but in the minority urate crystal

deposition in joints (gout) can occur.

Intracellular uric acid levels are high in nor-

mal subjects, and extracellular levels increase in

cell apoptosis, such as that seen in tendinosis.

Those with hyperuricaemia would be expected

to have excessive extracellular levels which

would be expected to have a proinflammatory

effect on tendons. Urate deposits can be found

in tendon and synovium and in extreme cases

may be seen on imaging, but more commonly

would be expected to exist as microscopic

deposits and hence would be undetectable.

Enthesitis (eg patella and Achilles tendons) and

tenosynovitis are commonly seen, especially in

asymptomatic hyperuricaemia. Dalbeth

et al. [13] studied 92 patients with tophaceous

gout using dual energy CT scanning (DECT).

MSU crystal deposition was observed 10.8 % of

tendon/ligament sites. The Achilles tendon was

the most commonly involved tendon/ligament

site (39.1 % of all Achilles tendons), followed

by the peroneal tendons (18.1 %). Tibialis ante-

rior and the extensor tendons were involved less

commonly (7.6–10.3 %), and the other flexor

tendons, plantar fascia and deltoid ligaments

were rarely involved (<5 %) (p < 0.0001

between sites). Involvement of the enthesis

alone was more common in the Achilles tendon

(OR (95 % CI) 74.5 (4.4–1264), p < 0.0001), as

was any involvement of the enthesis (OR (95 %

CI) 6.8 (3.6–13.0), p < 0.0001).

Crystal deposition may be enhanced by the

initiation or increase of urate lowering therapy

through rapid reduction of serum levels.

Calcium pyrophosphate (CPP) deposition can

also cause inflammatory arthritis and potentially

tendon inflammation through similar

mechanisms associated with uric acid crystals.

CPP tenosynovitis has been described, presum-

ably related to crystal deposition in synovium

and/or tendon [11].

Amyloidosis can present with tendon diseases

such as spontaneous ruptures [33] or tenosynovi-

tis [8]. The mechanism of action on the tendon is

not known but presumed due to the effects

(potentially inflammatory) of amyloid deposits

in the tendon or synovial sheath.

Achilles and rotator cuff tendinopathies have

been reported in patients post successful renal

transplantation and seem to be related to

pre-transplant hyperphosphatameia and post-

transplant hypercalcaemia [7].

Surprisingly, the effects of hyercalcaemia on

tendons, and the presence of inflammation, have

not been documented. However idiopathic cal-

cific tendinitis, typically occurring in the rotator

cuff, is a common condition. The aetiology is

unknown. In the acute phase, patients present

with a very inflammatory picture of pain, stiff-

ness, and in some inflammatory markers are

raised. This indicates that inflammation plays a

significant role in the condition.

Fluoroquinolone antibiotics such as ciproflox-

acin inhibit fibroblast metabolism causing

reduced cell proliferation and reduce collagen

and matrix synthesis [51]. The role of inflamma-

tion has not been clarified.

Rare inherited disorders of metabolism can

also be associated with tendinopathy. Glucose-
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6-Phosphate Deficiency is associated with

hyperuricaemia an can present with flexor teno-

synovitis, which is likely to be driven by similar

mechanisms to those described earlier.

Alkaptonuria is a deficiency in homogentisic

acid oxidase, which is involved in the metabo-

lism of homogentisic acid. Tendon rupture

occurs through reduced fibril linkage but the

role of inflammation is not known. [31].

Tenosynovitis in Mechanical Overuse
and Metabolic Disease

The role of inflammation in disease affecting the

tenosynovial sheath is highly dependent upon the

underlying mechanism.

Acute inflammation of tendon sheaths can

occur due to mechanical overuse. The presence

of disease of the tendon proper in the acute phase

is variable. Examples include tibialis posterior

tenosynovitis and peroneal tenosynovitis at the

ankle, and de Quervain’s tenosynovitis at the

wrist. There is pain, swelling, and impairment

of function. Diagnostic ultrasound demonstrates

tendon sheath synovial thickening, increased

vascular flow on Doppler, fluid formation around

the tendon. The tendon itself may be thickened

with increased intratendinous blood flow.

Studies on the histopathology of the acute

phase of tenosynovitis are scant. However the

synovium rather than the tendon proper may be

the primary initiating site of inflammation, which

would explain why primary disorders of

synovium such as rheumatoid arthritis frequently

involve the tenosynovium and present as teno-

synovitis. As has been discussed, tenosynovitis

can also be the presenting feature of

hyperuricaemia and calcium pyrophosphate

deposition disease [16]. It is reasonable to sug-

gest that this is due the deposition of crystals in

the tendon sheath and a pro-inflammatory reac-

tion in the synovium of the tendon sheath.

The role of inflammation in chronic tenosyn-

ovitis is less evident, particularly in overuse

induced disease. Tendon thickening, tendon

sheath fibrosis without the signs exhibited in the

acute phase are the more common findings. The

synovium may demonstrate inflammatory

change or may be fibrotic. For example, chronic

‘trigger finger’ (flexor tendinopathy) has been

attributed to tendon swelling and a thickened

annular pulley. Ultrasonographic findings of

increased thickness, loss of fibrillar pattern, pul-

ley thickening and fluid collection of the tendon

sheath have been reported in patients with trigger

finger [23]. The histopathological features typi-

cally include hyaluronic acid-producing

chondrocytoid cells originated from fibroblastic

synovial B cells, and a hypocellular collagen

matrix surrounding the tenosynovium. However

in some patients evidence of inflammation is

noted, including the presence of an inflammatory

infiltrate, increased vascularity, hyperplasia of

synovial lining cells, or fibrin exudation

[48]. More molecular based studies are indicated.

Inflammation at the Enthesis

The tendon enthesis is best described as an

entheseal organ or the synovio-entheseal com-

plex, comprising the tendon insertion, bone and

associated synovial complex [35]. The integra-

tion between synovium and tendon makes it a

potential target formmore classical inflammation

driven through synovial inflammatory processes.

The classical inflammatory enthesitis seen in

autoimmune diseases is beyond the scope of

this text. However inflammation may also play

a role in mechanical and metabolic

enthesopathies. Like the study of mid portion

tendinosis, perceptions that biomechanical strain

across the muscle-tendon-bone complex drives a

degenerative process are based on much earlier

studies showing a lack of inflammatory cell

infiltrates [9]. New vessel formation at the tendon

enthesis is commonly seen in ‘mechanical’ dis-

ease; the relevance of this in relation to

hypotheses on inflammation have been discussed

earlier. Local synovitis is also commonly

noted [35].

As has been noted earlier, enthesopathies can

be seen in those with metabolic diseases. Abate

et al. [1] studied 45 patients with Achilles

enthesopathy compared to 45 asymptomatic
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controls. An ultrasound study of the Achilles

enthesis was carried out, and the presence/

absence of lesions (morphologic abnormalities,

calcific deposits, enthesophytes, cortical

abnormalities and adjacent bursitis) was

assessed. Comorbidities (osteoarthritis, diabetes,

and hypertension) were recorded and body mass

index (BMI), glucose, total, and HDL cholesterol

were also evaluated. All symptomatic subjects

showed at ultrasound evaluation at least one

structural entheseal alteration; pathologic

features in asymptomatic subjects were found in

6/45 (13.3 %) of cases. Symptomatic

enthesopathy with detectable entheseal lesions

were more likely in those with higher BMI and

glucose levels. The role of inflammation in this

process is not known.

Inflammation in Tendon Disease:
Implications for Management

The identification of inflammation in patients

with tendon disease in the clinical setting

remains challenging. Whilst increased blood

flow on Doppler ultrasound may indicate inflam-

matory activity, this needs further research. Even

where inflammation may be present, the use of

anti-inflammatory approaches in such patients is

generally limited in effectiveness, with the

exception of ultrasound guided corticosteroid

injection in tenosynovitis [4]. Notably, systemic

treatment with glucocorticosteroids seems to

compromise the normal proliferation rate and

synthetic activity of cultured tenocytes

[46]. The role of rheumatological ‘biologics’,

cytokine blocking agents (eg anti-TNFα agents),

has yet to be thoroughly researched in patients

with tendon disease that is unrelated to an auto-

immune pathology. Optimal mechanical loading

is necessary for clinical improvement in tendon

disease. Defining what is optimal for a given

patient at any one time is also challenging.

Management of tendon inflammation specifi-

cally in patients with metabolic diseases is reliant

on the management of the underlying disease and

utilisation of the same processes as used in the

mechanically induced disease and in particular

controlled loading strategies. In all patients, the

control of all elements that may drive systemic

inflammation is crucial, typically through life-

style management and therapeutic medications

where indicated.

Conclusions

It is becoming increasingly apparent that inflam-

mation has an important role in both mechanical

and metabolic related tendon disease. Further

research in relation to pathways, diagnosis and

management of tendon inflammation is much

needed.
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Abstract

Tendon metabolism after acute Achilles tendon rupture (ATR) is

associated with major complications related to immobilization, which

results in reduced circulation, high risk of deep venous thrombosis

(DVT), impaired healing and functional deficits.

DVT has been demonstrated to occur in up to 50 % of the patients with

ATR. Suffering from a DVT during tendon healing has been demonstrated

as an independent predictive factor for impaired patient outcome at 1 year

after ATR, suggesting that specific interventions are warranted to prevent

DVT. Since pharmacological DVT prophylaxis has low or no effect

during lower leg immobilization it is speculated whether adjuvant treat-

ment with intermittent pneumatic compression (IPC) applied during lower

limb immobilization can reduce the incidence of DVT.

IPC, which acts through mechanical, chemical and molecular

mechanisms, has been demonstrated to enhance neuro-vascular ingrowth

in a tendon repair model and stimulate collagen production leading to

improved maximum force during healing.

Recently, a prospective randomized trial compared adjuvant IPC

applied under an orthosis versus plaster cast only in ATR patients. The

study found at 2 weeks post-operatively 21 % DVTs in the IPC-group

compared to 37 % in the control group. Patients that received no IPC

treatment exhibited an almost threefold increased odds for DVT, indepen-

dently of age. Furthermore, using microdialysis technique, adjuvant IPC

treatment was shown to increase the metabolic healing activity at 2 weeks

post-ATR.
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Tendon healing is impaired by reduced circulation and DVT. The

demonstration that adjuvant IPC effectively reduced DVT incidence,

and also is capable of enhancing the metabolic response suggests that

IPC treatment may not only be a viable means of prophylaxis against

DVT, but possibly also a method of promoting healing.

Keywords

Deep venous thrombosis • Functional outcome • Tendon healing • Tendon

metabolism • Intermittent pneumatic compression • Microdialysis

List of Acronyms and Abbreviations

ACOS Achilles Combined Outcome Score

ATR Achilles Tendon Rupture

ATRS Achilles tendon Total Rupture

Score

BMI Body Mass Index

CDS Color Duplex Sonography

CDU Compression Duplex Ultrasound

DVT Deep Venous Thrombosis

EQ-5DTM EuroQol, a generic health-related

quality of life score

IPC Intermittent Pneumatic

Compression

LSI Limb Symmetry Index

PAS Physical Activity Scale

RR Relative Risk or Risk Ratio

VTE Venous Thromboembolism

Introduction

Venous thromboembolism (VTE) is a major

health problem, which is often asymptomatic,

mis-diagnosed, and unrecognized. Each year

25,000 people in the UK die from VTE. This is

a larger number than deaths attributable to breast

cancer, AIDS and road traffic accidents com-

bined [1, 2].

VTE often starts as a deep venous thrombosis

(DVT), which can occur without any symptoms.

Around 25 % of patients with a DVT also suffer

from pulmonary embolism, which in 6 % of the

cases are fatal [2].

VTE often arises as a serious complication

following trauma and surgery requiring

prolonged immobilization of the lower limb [3–

5]. Other risk factors for the development of VTE

consist of active cancer or cancer treatment, age,

dehydration, hormone replacement therapy,

thrombophilias, obesity, medical comorbidities

(eg. heart disease; metabolic, endocrine or

inflammatory conditions) (see Chaps. 14, 15,

16, 17, 18, 19 and 20).

VTE is thus a disease associated with reduced

blood flow and metabolic disorders, which both

can affect tendon metabolism. VTE resulting in a

DVT is a common complication following acute

Achilles tendon rupture and may have an impor-

tant effect on tendon healing and functional

outcome.

DVT Is an Independent Predictor
of Impaired Outcome During Tendon
Healing

Patients suffering from an acute Achilles tendon

rupture may be at increased risk of DVT, mostly

due to the immobilization in an equinus position

[6]. Immobilization in an equinus position

reduces the venous blood flow of the lower

limb [7]. Following plaster cast treatment of

acute Achilles tendon ruptures the VTE inci-

dence verified with color duplex sonography

(CDS) was 36 %, irrespective of surgery or con-

servative treatment [8].

The clinical significance of distal-versus prox-

imal DVTs, especially if radiologically verified,
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has been debated [9]. Between 17 and 28 % of

distal DVTs propagate to proximal DVTs

[10, 11] but no clinical or radiological finding

can predict the outcome of a single distal DVT.

Since a DVT is necessary for the development of

PE as well as post-thrombotic syndrome, it is

reasonable to believe that even distal DVTs

should be prevented and treated.

Experiencing a DVT may also have additional

negative effects on outcome during tendon

healing. In a recent, not yet published study by

Domeij-Arverud et al. predictors of outcome in

ATR patients were assessed using a prospective

cohort study design. Exhibiting a DVT during the

post-operative immobilization was an important

independent predictor for a poor outcome after

ATR together with age over 40 years and male

gender [12].

Patients experiencing a DVT postoperatively

exhibited a significantly lower maximum heel-

rise height of 9.9 cm as compared to patients

without a DVT that reached 11.1 cm

(p ¼ 0.018). LSI of heel-rise height was signifi-

cantly different between patients without (84 %)

and patients with a DVT (75 %) (p ¼ 0.008).

LSI of total concentric work did not reach the

recommended levels of 85 % in the DVT group

(61 %), nor the non-DVT group (67 %)

(p ¼ 0.164). ATRS was lower in the DVT

group (73.2) than in the healthy group (79.2),

but the difference did not reach significance

(p ¼ 0.131) (Table 21.1).

Intermittent Pneumatic Compression
(IPC) and Tendon Healing

Intermittent pneumatic compression (IPC) for

improving circulation has actually been known

in the medical literature since the eighteenth

century, when physicians used compressive ther-

apy against such varied diseases as cholera and

tromboangiitis. By supplying external cyclic

compressions and relaxations to upper or lower

extremities, IPC mimics the muscle pump. The

compression pressure is chosen dependent on the

type of cuff; foot compression requires

130 mmHg, while calf and thigh compression

requires 40–50 mmHg, to reach a similar clinical

effects [13]. IPC exerts its effect through

mechanical, chemical and molecular

mechanisms [14].

Mechanical compression increases venous

flow with >200 %, which decreases the periph-

eral resistance, whereby arterial blood flow is

enhanced, and thereby also the nutritive supply

to the tissue (see Chaps. 4 and 5). Mechanical

compression also affects the interstitial circula-

tion, which reduces oedema and thus diffusion

distance for metabolites. The stretch deformation

Table 21.1 Outcome of ATR patients with a DVT compared with patients without a DVT at 1 year post-operatively

Variable

DVT

No (n ¼ 77) Yes (n ¼ 34)

Mean SD Mean SD p-value % Difference

Heel-rise height injured side (cm) 11.14 2.4 9.89 2.7 0.018 13

Heel-rise height (LSI) 84 % 15.3 75 % 15.2 0.008 12

Heel-rise concentric work (LSI) 67 % 17.6 61 % 25.6 0.164 10

ATRS 79.16 18.7 73.21 18.9 0.131 8

PAS postinjury 3.84 1 3.58 1.1 0.32 7

Heel-rise concentric power (LSI) 82 % 19.7 78 % 24.1 0.105 5

Heel-rise repetitions (LSI) 82 % 17.7 78 % 22.1 0.356 5

EQ-5D 0.918 0.1 0.906 0.1 0.604 1

BMI 26.8 3.4 26.6 2.9 0.778 1

PAS preinjury 4.6 0.9 4.63 0.8 0.877 �1

LSI limb symmetry index, PAS physical activity scale, ATRS achilles tendon total rupture score, EQ-5D EuroQol

Group’s questionnaire, BMI body mass index, SD standard deviation, n number of patients
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of tissues and cells caused by the venous flow

and mechanical compression produces shear

stress on the endothelial cells, which increases

the production of anti-thrombotic,

pro-fibrinolytic, vasodilatory and repair promot-

ing substances (Fig. 21.1). These effects are

followed by structural tissue changes and

alterations in cellular gene expression [14].

The potential role of IPC in enhancing healing

post-surgery has been investigated to a minor

extent, mainly demonstrating that IPC can reduce

postoperative oedema [15–18]. IPC has proven

positive effects on tendon, wound and fracture

healing in experimental studies [18–21],

although the mechanisms have been mostly

unexplored. However, recently IPC was

demonstrated to enhance neuro-vascular

ingrowth in a tendon repair model such as to

increase the expression of sensory neuropeptides

by up to 100 % (see Chap. 5) [15]. In the same

model, IPC was able during immobilization to

improve maximum force by 65 %, energy by

168 %, organized collagen diameter by 50 %,

and collagen III-VI occurrence by 150 % com-

pared with immobilization only [19]. Whether

IPC can counteract the negative effects of

immobilization in patients still needs to be fur-

ther investigated.

Intermittent Pneumatic Compression
(IPC) and Metabolic Activity

Adequate circulation is a healing prerequisite for

sufficient supply of glucose and oxygen essential

for fibroblast metabolism during ATR repair.

Therefore study of the energy substrates needed

for the repair process is of particular interest.

Several studies have suggested that the

prolonged tendon repair time until healing

could be due to a low metabolic activity, which

is even more restricted during limb immobiliza-

tion [19, 22–25].

Essential metabolites glucose, lactate, pyru-

vate and glycerol and neuronal transmitters,

including glutamate, have been identified in the

healing tendon and are regarded to be involved in

the repair process (see Chaps. 3 and 8)

[26, 27]. In the study by Greve and Domeij-

Arverud et al. [28], we hypothesized that vital

metabolite concentrations are elevated during

early human Achilles tendon repair, and that

adjuvant IPC could further stimulate metabolic

activity. Twenty patients were included in this

prospective cohort study. The IPC group and the

plaster cast group exhibited no demographical

differences – except for a mean 80 h usage of

adjuvant IPC in the treatment group during the

first 2 weeks postoperatively.

The healing Achilles tendons exhibited at

2 weeks post-operatively significantly higher

levels of glutamate, lactate, and pyruvate com-

pared to the contralateral intact tendons. The

observed findings suggest that Achilles tendon

healing is associated with significantly elevated

metabolic activity. Glutamate exhibited the

highest (threefold) up-regulation suggesting the

most central role in Achilles tendon repair. The

elevation of glutamate concentrations in the

healing tendons of the control group is in agree-

ment with earlier experimental studies on Achil-

les tendon repair [26, 29].

Metabolite upregulations were observed in the

healing Achilles tendons of the IPC-treated

Fig. 21.1 Mechanisms of action of IPC applied to the

lower limb: (1) increased venous circulation (2) increased

arterial circulation (3) increased interstitial circulation

with return of fluid to the veins (4) Increased venous

flow produces shear stress on the endothelial cells,

which (5) causes the production and release of

ant-thrombotic and proliferative substances
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group as compared to the intact, contralateral

tendons. Again, glutamate demonstrated the

highest upregulation after IPC treatment. IPC

treatment produces shear stress upon the endo-

thelial walls of both intact and injured

regenerating vessels. Vascular shear stress is giv-

ing rise to a multitude of reactions, including

synthesis of nitric oxide (NO), a potent vasodila-

tor assumed to stimulate angiogenesis,

accelerated tissue healing and improved tissue

quality [14].

Adjuvant compression treatment during post-

operative plaster immobilization has the ability

to additionally elevate the concentration of

essential metabolites at the repair site. Continued

studies on metabolic activity should be combined

with assessments of long-term outcome of ten-

don repair for further understanding.

IPC Can Reduce the Risk of DVT
During Lower Limb Immobilization

IPC has been shown to cause release of nitric

oxide (NO), which has a vasodilating effect,

and tissue factor pathway inhibitor that acts

antithrombotically. IPC also cause release of tis-

sue plasminogen activator that is pro-fibrinolytic,

and has been found to up regulate mRNA for

factors involved in angiogenesis and

vasodilation [14].

Today, IPC is clinically used to prevent

venous thromboembolism post-surgery

[30]. IPC has been clearly proven to have an

effect comparable to low molecular weight hep-

arin (LMWH), but without any real side-effects

and hereby offers an alternative to heparin when

there is increased risk for bleeding

complications [31].

Pharmacological prophylaxis with LMWH is

still widely used although earlier studies have

shown that LMWH does not reduce the risk of

DVT during leg immobilization after ATR

[32]. It has moreover been speculated that

LMWH may impair tendon healing [33].

Studies also suggest that IPC in combination

with LMWH can even further reduce the risk of

DVT [34] The risk of poor patient compliance

has sometimes been brought up as a drawback,

and Eisele et al. showed that fewer than 6 h of

IPC usage per day lead to more DVTs than usage

exceeding 6 h per day [35]. As the devices are

technically improved the conditions for adequate

usage are enhanced. The American College of

Chest Physicians (ACCP) has stated that further

study of the efficacy of portable compression is

needed [36].

In a prospective randomized trial of

150 included, operated ATR patients, the effect

of adjuvant IPC during post-operative outpatient

lower limb immobilization on the incidence of

DVT were assessed [37]. Screening with com-

pression duplex ultrasound (CDU) at 2 weeks

post-operatively demonstrated a DVT in 23 %

(n ¼ 16/69) in the intention-to-treat analysis

and 21 % (n ¼ 14/67) in the per-protocol analy-

sis of the patients in the IPC group and in 37 %

(n ¼ 26/71) of the patients in the control group

(Table 21.2). The patients compliant with the

IPC-treatment exhibited a significant reduction

in the risk of DVT, after correction for age

differences between groups (ITT analysis:

OR ¼ 2.11; 95 % C. I. ¼ 0.97–4.62; p ¼ 0.061

and PP analysis: OR ¼ 2.60; 95 %

C.I. 1.15–5.91; p ¼ 0.022) (Table 21.2). No

proximal DVTs and no clinical PEs were

diagnosed.

The significantly reduced incidence of DVT

of the IPC group indicates that IPC may prevent

the development of DVT during immobilization.

This study establishes patient-administered adju-

vant calf IPC in an outpatient setting as a feasible

method of DVT-prevention after ATR surgery.

The reduction in DVT observed at 2 weeks in

the IPC group is probably related to reduced

venous stasis produced by the intermittent

mechanical calf compression. IPC has thus been

shown to increase venous peak flow velocity

by > 200 [14, 38]. The reduced incidence of

DVT may also be related to effects on intrinsic

fibrinolysis observed after IPC. Hence, cyclical

tissue shear stress induces the production of

chemical substances: antithrombotic tissue factor

pathway inhibitor and pro-fibrinolytic substance

tissue plasminogen activator [38]. In contrast,

immobilization in equinus position and a non-
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weight-bearing regimen have been shown to

reduce the venous blood flow significantly com-

pared to full weight-bearing in a neutral cast or

neutral pneumatic boot [7].

After ending the IPC intervention at week

2 and subsequent orthosis immobilization in

both groups, CDS-screening at 6 weeks post-

operatively showed a DVT in 52 % (n ¼ 36/69)

of the patients in the IPC group and in 48 % of

(n ¼ 34/71) the patients in the control group

(OR ¼ 0.94; 95 % C.I. 0.49–1.83). This

suggests that the DVT preventive effect of the

IPC therapy does not persist after cessation of

treatment when continued immobilization is

applied.

The correlation analysis of risk factors

demonstrated that leg-immobilized patients

aged >39 years exhibited an almost fivefold

increased risk of DVT. Other risk factors, such

as BMI, smoking, time to and time in surgery, did

not significantly affect the risk of DVT in this

study. Increased age is therefore a strong risk

factor, as is also stated in many guidelines,

e.g. by NICE, UK [39, 40]. The study therefore

suggests that leg-immobilized patients aged

>39 years, could be considered for prophylactic

measures against DVT following ATR surgery.

Summary and Further Directions

Patients with lower limb immobilization after

acute Achilles tendon rupture (ATR), represent

a diverse patient population, which is affected by

high incidence of DVT, and poor- and variable

outcome.

Interventions to prevent the development of

DVT should be of clinical focus to reduce

complications and to promote the outcome after

ATR. Pharmacological prophylaxis with LMWH

is still widely used although earlier studies have

shown that LMWH does not reduce the risk of

DVT during leg immobilization after ATR

[32]. Moreover, it has been speculated that

LMWH may impair tendon healing [33]. There-

fore the use of pharmacological prophylaxis dur-

ing leg immobilization after ATR seems

contradictory.

Mechanical thromboprophylaxis using IPC is

an effective method of reducing the risk of DVT

during leg immobilization, also in an outpatient

setting. Patients with an ultrasound verified DVT

exhibit an impaired outcome after ATR. Reduced

blood circulation may be a common denominator

to DVT and poor healing. Therefore it is our

belief that increasing the blood circulation with

IPC, e.g. reducing the risk of DVT, would also

improve patient outcome as indicated by

enhanced metabolism owing to IPC.

Glossary

Concentric muscle contraction When a mus-

cle shortens while producing a force

Eccentric muscle contraction When a muscle

lengthens while producing a force

Heel-rise The exercise in which the subject

performs a plantar flexion when standing and

back down again

Incidence The number of new cases of a condi-

tion/injury that develop during a specific time

period

LSI The ratio of the involved limb score and the

uninvolved limb score expressed in percent

(involved/uninvolved x 100 ¼ LSI)

Table 21.2 Incidence of deep venous thrombosis (DVT)

Adjuvant IPC ITT vs. C PP vs. C

Outcome (incidence) ITT* PP{ Control (C) p-value p-valuea

DVTs at 2 weeks n (%) 16 (23) 14 (21) 26 (37) 0.083 0.042

DVTs at 6 weeks n (%) 36 (52) 34 (51) 34 (48) 0.612 0.737

IPC intermittent pneumatic compression, DVT deep vein thrombosis

a ¼ 0.05

*ITT ¼ Intention To Treat, i.e. all randomised patients
{PP ¼ Per-Protocol. Two patients were withdrawn due to non-compliance regarding IPC – usage

Both patients had developed a DVT at the 2 weeks follow-up
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Predictor The independent variable used to

explain or to predict the outcome variable

Risk factor A variable associated with an

increased risk of injury or disease

Work The product of a constant force and the

distance the object is moved in the direction of

the force (J)
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Abstract

Drug-induced tendon disorders are an often underestimated risk factor.

The range from detrimental effects on the tendon include tendinopathy as

well as potentially tendon rupture. As for today, four main drug classes

have been reported to be associated with potentially deteriorated tendon

properties: 1. Corticosteroids, 2. Chinolon antibiotics, 3. Aromatase

inhbitors, 4. Statins as HMG-CoA-reductase inhibitors. Most often, the

Achilles tendon is affected in terms of tendinopathy and/or subsequent

tendon rupture. However, nearly every tendon of the entire body might be

affected in a detrimental way by one or a combination of the

aformentioned agents.

Keywords

Tendon • Corticosteroid • Tendon rupture • Statin • Chinolon • Aromatase

inhibitor • Treatment • Adverse effect

Outline This chapter highlights the potential

detrimental effects of four pharmacological sub-

stance families, such as corticosteroids,

chinolones, aromatase inhibitors as well as

statins on tendons in both, an experimental and

clinical perspective.

Drug-induced tendon disorders are an often

underestimated risk factor [1]. The range from

detrimental effects on the tendon include

tendinopathy as well as potentially tendon rup-

ture. As for today, four main drug classes have

been reported to be associated with potentially

deteriorated tendon properties (Fig. 22.1):

1. Cortisone

2. Chinolone antibiotics

3. Aromatase inhibitors

4. Statins

To affect a tendon in a detrimental way, there

is often times not only a single causal factor, but

a multifactorial pattern. As such, patient age over
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60 years, male gender, pre-existing tendon

disorders or previous tendon ruptures have to be

taken into account in this regard beyond the

drug-related effects. A tendon might be deterio-

rate in a “tendon continuum” (Fig. 22.2): begin-

ning with the healthy tendon, a number of the

aforementioned risk factors might facilitate the

tendinopathic stage, where affected tendons exert

pain and often times show distinct alterations in

grey scale ultrasound, Doppler ultrasound or

MRI. The more deteriorated a tendon is, such as

an Achilles tendon with a tendon diameter of

>15 mm in the anterior-posterior ultrasound

view, the more likely is a tendon rupture as the

end of the tendon continuum (Fig. 22.3).

Cortisone

As early as 1958, a bilateral rupture of the quad-

riceps tendons has been reported in a patient

suffering from disseminated lupus

erythematosos, who was treated with cortisone

[2]. In 1964 a second report highlighted another

bilateral quadriceps tendon rupture in systemic

lupus erythematosus was treated with cortisone

medication [3]. Until now, tendon ruptures fol-

lowing corticosteroid medication have reported

at the entire body, such as the Achilles tendons

[4], triceps tendons [5], trigger finger with deep

flexor tendon rupture [6], extensor pollicis longus

tendon (EPL) of thumb (Figs. 22.3–22.8) [7], and

many others. Repeated corticosteroid injections

appear to increase the risk of a tendon rupture

(see Chap. 23) [8].

Fig. 22.1 Drugs associated with tendon disorders

Fig. 22.2 Tendon continuum from the healthy tendon to

the painful tendinopathic tendon with abnormalities in

ultrasound � MRI to the tendon rupture

Fig. 22.3 Tendon rupture of extensor tendons of the

hand following two corticosteroid injections on the exten-

sor sheath of the wrist

Fig. 22.4 Regular tendon staining of an extensor pollicis

longus tendon
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Beyond the antiinflammatory effect of

corticosteroids, tendons might substantially suf-

fer in the following. Clinically, tendon rupture

typically occur some 2–6 weeks following a cor-

ticosteroid injection, such as at the Achilles ten-

don level [9].

In experimental models both, triamcinolone

as well as prednisolone injections have been

studied in terms of subsequent tendon ruptures

[10]. Histological analysis, at 1-week post-injec-

tion, showed collagen attenuation, increased

expression of MMP-3 and apoptotic cells in the

Fig. 22.5 Pathological

staining with disruption of

the tendon architecture

with subsequent tendon

rupture of an extensor

pollicis longus tendon

(EPL) following two

corticosteroid injections

Fig. 22.6 Tendon transfer for repair of a rupture of an extensor pollicis longus tendon following two corticosteroid

injections
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corticosteroid groups. The histological changes

and biomechanical weaknesses of the tendon

were not seen at 3 weeks. These alterations

appeared to be involved in tendon degeneration

or rupture after corticosteroid injection.

The largest clinical metaanalysis, published

2010 in the Lancet by Coombes and coworkers

[11] with 41 included randomized trials and 2672

participants showed that corticosteroid injections

reduced pain in the short term compared with

other interventions, but this effect was reversed

at intermediate and long terms.

In a pooled analysis of treatment for lateral

epicondylalgia, corticosteroid injection had a

large effect on reduction of pain compared with

no intervention in the short term, but no interven-

tion was favoured at intermediate term and

long term.

Of 991 participants who received corticoste-

roid injections in studies that reported adverse

events, only one (0.1 %) had a serious adverse

event (tendon rupture).

Short-term efficacy of corticosteroid

injections for rotator-cuff tendinopathy is not

clear. A recent experimental study in rats found

s significantly lower maximal load by 20–40 %

after corticosteroid injection in comparison to

same volume saline injection in rotator cuffs [12].

Clinically, it appears that corticosteroid injec-

tion therapy in or besides the tendons may pro-

voke the most detrimental effect on the tendon by

local toxicity. However, to what extent a system-

atic corticosteroid therapy in terms of dosage and

duration and to what extent a topical corticoste-

roid ointment therapy is detrimental for an under-

lying tendon is not thoroughly studied yet. From

the authors point of view, corticosteroid therapy

itself might harm the tendon. Thus, every corti-

costeroid therapy by itself should warrant a clear

and substantial medical indication and a potential

tendon adverse effect should be considered in my

personal point of view.

Chinolone Antibiotics

Chinolone antibiotics are broad spectrum

antibacterial drugs against both, gram-negative

and gram-positive bacteria. The majority of

chinolones are fluorochinolones. In bacteria,

fluorochinolones inhibt selectively the topoisom-

erase II ligase domain leading to DNA

fragmentation.

To date, as much as four generations of

chinolones are known (table). The most promi-

nent chinolones include 2nd generation ciproflox-

acin and ofloxacin, 3rd generation levofloxacin,

and 4th generation moxiflocacin (Table 22.1).

Clinically, chinolone antibiotics are predomi-

nantly used in hospital-acquired pneumonia [13]

as well as urinary tract infections, both

community-acquired as well as hospital-acquired

including urinary tract infections associated with

urinary catheters.

Fig. 22.7 Simultaneous rupture of the extensor indicis

and the extensor digitorum communis 2 tendon following

five repetitive corticosteroid injections with substantial

tendon defects

Fig. 22.8 Tendon repair by palmaris longus tendon

transplantation for extensor indicis and extensor

digitorum communis 2 tendon rupture following cortico-

steroid injections
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A German case report [14] illustrates a

45-year-old female runner with bilateral

tendinopathy of the Achilles tendons after

repeated ciprofloxacin treatment. One month

later the right Achilles tendon ruptured without

any sudden pain. The histological analysis

showed cystic changes with focal necrosis. This

finding differed from findings in non drug

induced tendinopathies. Beyond the Achilles

tendons, other tendons might deteriorate follow-

ing chinolone medication, such as the gluteal

tendons [15].

Recently, an Austrian working group analysed

the effect of multiparametric MR imaging in

healthy volunteers following ciprofloxacin medi-

cation [16]. Fourteen ankles of seven healthy men

underwent 7-T MR imaging at baseline, 10 days

and 5 months after ciprofloxacin administration.

The sodium signal was decreased by 25 % (from

130 � 8 AU to 98 � 5 AU, p < 0.05) at day

10 and returned to baseline levels after 5 months.

In line, a change in the glycosaminoglcan (GAG)

imaging was noted accordingly.

A detailed animal study in rats analysed the

effects of four fluoroquinolones (pefloxacin,

norfloxacin, ofloxacin and ciprofloxacin)

[17]. Pefloxacin mesylate dihydrate (40 mg/kg),

norfloxacin (40 mg/kg), ofloxacin (20 mg/kg) and

ciprofloxacin (50 mg/kg) were administered by

gavage twice daily for three consecutive weeks.

Six weeks after treatment, the test animals were

euthanised and Achilles tendon specimens were

collected. The mean elastic modulus of the con-

trol group was significantly higher than that of

the norfloxacin and pefloxacin groups. The mean

yield force of the control group was significantly

higher than those of ciprofloxacin, norfloxacin

and pefloxacin groups. The mean ultimate tensile

force of the control group was significantly

higher than of the ciprofloxacin, norfloxacin,

and pefloxacin groups. Hyaline degeneration

and fibre disarrangement were observed in the

tendons of the ciprofloxacin, pefloxacin, and

ofloxacin treated-groups, whereas myxomatous

degeneration was observed only in the ciproflox-

acin and pefloxacin groups.

Aromatase Inhibitors

Aromatase inhibitors are used to decrease

circulating estrogen levels in postmenopausal

women. Aromatase ist he responsible enyzme

for the conversion of androgens in estrogens

(Fig. 22.9). As such, aromatase inhibitors block

this conversion (Fig. 22.10). This principle is

Table 22.1 First, second, third and fourth generation chinolone antibiotics which may impair tendons leading to

tendinopathy and/or tendon rupture

1st generation chinolone 2nd generation chinolone 3rd generation chinolone 4th generation chinolone

Cinoxacin Ciprofloxacin Balofloxacin Clinafloxcin

Nalidixic acid Enoxacin Grepafloxacin Gatifloxacin

Oxolinic acid Fleroxacin Levofloxacin Gemifloxacin

Piromidic acid Lomefloxacin Pazufloxacin Moxiflocacin

Pipemidic acid Nadifloxacin Sparfloxacin Sitafloxacin

Rosaxacin Norfloxacin Temafloxacin Trovafloxacin

Ofloxacin Tosufloxacin Prufiloxacin

Pefloxacin

Rufloxacin

HO

EstradiolTestosterone

O

OHCH3 OHCH3

CH3

Fig. 22.9 Conversion of

testosterone to estradiol via

aromatase
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increasingly used as an adjuvant therapy in post-

menopausal women with hormone receptor-

positive invasive breast cancer [18, 19].

Musculoskleletal adverse effects typically

arise within 3 months of therapy initiation

[20]. A MRI study revealed a significant number

of wrist problems with tenosynovitis among

these females [21] (Table 22.2).

A prospective analysis determined the fluid

accumulation and tenosynovial changes in the

aromatase inhibitor-induced musculoskeletal

syndrome with 2-year-follow-up data

[22]. Among 33 postmenopausal breast cancer

patients, 27 received aromatase inhibitors and

six received tamoxifen.Between 6 and 24months,

the intraarticular fluid further increased in all

aromatase inhibitor patients but not in the tamox-

ifen group. Grip strength further decreased in

both groups. The worsened tenosynovial changes

were strongly correlated with a decrease in grip

strength. At 24 months, morning stiffness

continued to be present in over a third of

aromatase inhibitor users. The discontinuation

of aromatase inhibitor treatment >1 year before

assessment led to an increase in grip strength in

three patients (two switched to tamoxifen and one

ended endocrine therapy). Furthermore, tenosyn-

ovitis was seen on MRI in these patients after

6 months of AI therapy, and this abnormality

improved at the 2-year assessment in the two

patients who had switched to tamoxifen.

Although the number of patients is small, these

findings suggest that the AI-induced changes are

reversible, at least in a subset of patients.

Adipose Tissue and Tendons

Fat pads, such as the Kager’s fat pad [23] of the

foot or the Hoffa fat pad of the knee do play a

role in inflammation in tendinopathies of the

associated tendons, the insertional Achilles ten-

don for the Kager’s fat pad and the Hoffa fat pad

for the patella tendon. As such, patients suffering

from Achilles tendinopathy especially in inser-

tional cases demonstrate an increased soft tissue

density of the Kager’s fat pad in association with

an increased Achilles tendon diameter [24].

The infrapatellar fat pad (Hoffa’s fat pad) may

degenerate to a chronic edema with subsequent

soft tissue impingement, ischemia and lipoma-

tous tissue necrosis [25, 26]. The Hoffa fat pad

may contain a number of inflammatory cells as

well as is a source of adipokines, cytokines and

grows factors modifying disease

[27]. Adiponectin has been shown to induce

matrix metallaproteinase-1 and interleukin-(IL)-

6 expression in synovial fibroblasts and thus,

may exert inflammatory functions [28, 29]. How-

ever, the detailed study on the Karger fat pad

Table 22.2 First, second and third generation aromatase inhibitors in clinical practice

Nonsteroidal aromatase inhibitor Steroidal aromatase inhibitor

1st generation Aminoglutethimide Testonolactone

2nd generation Fadrozole Formestane

3rd generation Anastrozole Exemestane

Letrozole

Vorozole

Fig. 22.10 Aromatase is

the responsible enzyme for

the conversion of androgen

such as testosterone to

estrogen
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found a reduced Adiponectin mRNA levels in

Achilles tendon patients in contrast to healthy

controls, therefore Summarizing these

observations, adipose tissue as such do play a

role in inflammation.

Dyslipidemia has been reported to be present

in Achilles tendinopathy in a matched-pair anal-

ysis (see Chap. 14) [30]. A detailed comparison

of the lipid profile of 60 symptomatic patients

and 60 control subjects matched for gender, age

�10 years, and body-mass-index (BMI) found

higher triglyceride (TG) levels, lower %HDL-

cholesterin, a higher triglyceride/HDL-c ratio,

and an elevated apolioprotein B, concentration

among the patients suffering from Achilles

tendinopathy. The authors concluded: “If

tendinopathy is confirmed to be associated with

dyslipidemia and the metabolic syndrome in

larger studies, it may be appropriate to redefine

our concept of tendinopathy to that of a cardio-

vascular disease (CVD). In this case, we may be

able to draw considerably on CVD research to

improve our understanding of tendinopathy, and

perhaps treating CVD risk factors will improve

the treatment of tendinopathy.”

In line, men with Achilles tendinopathy are

older and have a high waist circumference

[31]. Elevated adiposity is frequently associated

with tendon pathology [32] in a review with a

total number of 19.949 individuals. In 43 % of

cases, the group with tendinopathy had signifi-

cantly greater adiposity levels than the control

group without tendinopathy. Two other key

findings of that review are worth repeating.

First, when upper-limb and lower-limb

tendinopathies were compared the association

with adiposity was equally strong. As the

lower-limb tendons support body-weight while

the upper-limb tendons support only the weight

of the limb, this finding suggested that mechani-

cal loading does not fully explain the association

between adiposity and tendinopathy. Second, the

longitudinal studies in the review that showed

baseline adiposity predicted tendinopathy at

follow-up suggested that adiposity is a risk factor

for tendinopathy rather than a consequence of

tendinopathy (see Chap. 15).

Statins

Statins are a cholerestrol-lowering drugs

blocking the HMG-CoA-Reductase. In cardio-

vascular disease such as coronary artery disease,

statins have been proofed to be beneficial. More

recently, additional positive clinical results have

been published such as in new onset atrial fibril-

lation [33]. Statins are believed to remodel the

cytoskeletal architecture and mediate various

anti-inflammatory, antioxidant, and antiproli-

ferative effects that might limit endothelial

dysfunction [34].

A number of clinical reports highlight a

potential association of statin therapy and

tendinopathy as well as tendon ruptures. As

such, a 64-year-old man with a BMI of 31 kg/

m2 under regular statin therapy suffered a bilat-

eral quadriceps tendon rupture, where a potential

associated of the statin therapy was

questioned [35].

Experimental studies in rats revelaed that sim-

vastatin, atorvastatin and rosuvastatin caused a

deterioration of the biomechanical properties of

the Achilles tendon (see Chap. 14)

[36]. Histopathological analysis demonstrated

foci of dystrophic calcification only in the

statin-treated groups. However, the number and

the total area of calcific deposits were similar

between the statin groups in this experimental

study.

Another experimental study reported a dose-

related deterioration of collagen fibers and a

decreased biomechanical strength of Achilles

tendons follwoing atrovastatin or simvastatin

treatment [37].

Recently, the effect of lovastatin was

analyzed in human tendon cells [38]. The cells

were cultured with different concentrations of

lovastatin for up to 1 week. No changes in cell

viability or morphology were observed in

tenocytes incubated with therapeutic doses.

Short-term exposure to lovastatin concentrations

outside the therapeutic range had no effect on

tenocyte viability; however, cell migration was

reduced. Simvastatin and atorvastatin, two other

drug family members, also reduced the migratory
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properties of the cells. Prolonged exposure to

high concentrations of lovastatin induced

changes in cytoskeleton leading to cell rounding

and decreased levels of mRNA for matrix

proteins, but increased BMP-2 expression. Gap

junctional communication was impaired but due

to cell shape change and separation rather than

direct gap junction inhibition. These effects were

accompanied by inhibition of prenylation of

Rap1a small GTPase. Collectively, we showed

that statins in a dose-dependent manner decrease

migration of human tendon cells, alter their

expression profile and impair the functional net-

work, but do not inhibit gap junction function.

Potential mechanisms of statin-induced

tendinopathy

• Statins inhibit the secretion of metallopro-

teinases (MMPs) in lung fibroblasts [39] and

endothelial cells [40]

• Reduction of collagen I expression in smooth

muscle [41]

Notably, on the other hand, simvastatin as a

statin has been reported recently to reduce fibro-

sis and protects against muscle weakness in a

experimental model in rats with a full-thickness

supraspinatus tear [42]. In line, similar beneficial

effects of atrovastatin have been underscored by

Dolkart et al. in an experimental rat rotator cuff

model [43]. The results indicate that atrovastatin

enhances tendon healing by stimulating tenocyte

proliferation, migration, and adhesion via

increased COX2 activity and autocrine/paracrine

PGE2 signaling. These findings also demonstrate

that this effect is mediated by EP4 signaling.

Therefore, the amount and the timing of

statin therapy may well play a role whether

any detrimental or potentially benefical

effects of statins on tendon properties is

observed. While direct detrimental effects

of statins on tendons have been shown as

aforementioned, the experimental data on

rotator cuff healing might warrant further

investigations.
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Abstract

Glucocorticoids are generally used to relieve pain and/or inflammation in

a wide variety of musculoskeletal disorders including osteoarthritis,

inflammatory arthritis, tendinopathy and degenerative spine disease.

Glucocorticoids reduce tendon derived cell proliferation in vitro and

reduce extracellular matrix synthesis both in vitro and in vivo, in particu-

lar type I collagen synthesis. Glucocorticoids also appear to result in acute

deleterious changes in healthy in vivo tendon including collagen necrosis,

collagen disorganisation and inflammatory cell infiltration; while the

overall effect of glucocorticoid administration on the mechanical

properties of healthy in vivo tendon are generally negative. Overall the

existing in vitro and in vivo evidence suggests that glucocorticoids should

be used with caution in treating painful tendinopathy. Certainly a real

need exists to follow up the long term clinical effects of glucocorticoid in

treating tendinopathy, as there is currently a paucity of evidence in this

area. However in this context while the short term benefits are clear,

glucocorticoids remain a useful treatment option provided they are used

in the right patients in sensible moderation.
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Background and Clinical Context

In the UK alone over 500 000 intra-articular

glucocorticoid injections (GCIs) are

administered per year in the primary care setting

[1]. GCIs are generally used to relieve pain

and/or inflammation in a wide variety of muscu-

loskeletal disorders including osteoarthritis,
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inflammatory arthritis, tendinopathy and degen-

erative spine disease. There is an increasing evi-

dence to suggest that chronic inflammation plays

a role in the pathogenesis of tendinopathy [2–

4]. The evidence regarding the clinical efficacy

of GCIs is conflicting but broadly shows some

short term benefits in terms of pain relief [5–

8]. For example in the treatment of shoulder

pain, trials have shown only short term benefits

with no significant long term gains [8–

10]. Emerging high quality evidence also points

to poorer long term outcomes associated with

GCIs in the treatment of tendinopathy [11].

GCIs are frequently applied in close proxim-

ity to tendons with common examples including

the rotator cuff, the gluteus medius, the Achilles

and the patellar tendons. It has been recurrently

postulated that there is an increased risk of ten-

don rupture associated with GCI [12] but no high

quality evidence exists to adequately confirm or

refute this hypothesis [13, 14]. However there is

strong evidence that oral corticosteroids are

associated with a higher risk of tendon rupture

(see Chap. 22) [15]. An increased spinal fracture

risk associated with epidural GCIs has recently

been reported [16]. The aim of this Chapter is

first to describe the mechanisms of action of

glucocorticoid, and secondly to summarise the

effects of glucocorticoid on tendon cells in vitro

and on tendon in vivo.

Mechanisms of Action
of Glucocorticoid

The mechanisms of action of glucocorticoids are

multiple, highly complex and incompletely

understood [17, 18]. The most important path-

way involves the activation of the cytoplasmic

glucocorticoid receptor (GR) [19]. GR has a

modular structure whose principal functions of

transactivation, DNA binding, and ligand bind-

ing are localised to specific domains.

Glucocorticoids bind to the ligand binding

domain of the GR in the cytosol, thus activating

the receptor by triggering a conformational

change. The resulting activated form of the

receptor has two principle mechanisms of action,

transactivation and transrepression

[19]. Transactivation involves translocation to

the nucleus and binding to specific DNA respon-

sive elements activating gene transcription.

Transrepression involves the activated receptor

binding with other transcription factors and

repressing the activation of their relevant target

genes. As well as having these well described

transcriptional effects, glucocorticoids have also

been increasingly demonstrated to have effects

on post transcriptional, translational and post

translational targets [19]. The majority of work

relating to the mechanisms of action of

glucocorticoids has been carried out in classi-

cally chronic inflammatory diseases such as

asthma, demonstrating their anti-inflammatory

effects to be mediated by both direct and indirect

means. For example in asthma the reduced eosin-

ophilia is as a result of both the direct promotion

of eosinophil apoptosis, and the indirect suppres-

sion of receptor expression and production of

cytokines or growth factors [20] (Fig. 23.1).

The In Vitro Effects of Glucocorticoid

Broadly it has been repeatedly demonstrated that

glucocorticoids reduce both cell proliferation and

collagen synthesis in vitro (Fig. 23.1)

[21]. Poulsen et al. [22] demonstrated that dexa-

methasone reduced tendon derived cell prolifer-

ation, as well as reduced collagen and

glycosaminoglycan synthesis, and that reactive

oxygen species (ROS) were increased. Similar

results in terms of reduced cell proliferation and

matrix production have been found by several

other in vitro studies [21, 23–26]. The

mechanisms underlying these changes have not

been clarified. However it has been demonstrated

that glucocorticoid can an activate the forkhead

proteins (FOXO1 and FOXO3a), and reduce Akt

and ERK activity; it may be hypothesised that the

forkhead protein activation may be at least in part

mediated by the ROS production [22]. It has also

been hypothesised that glucocorticoids may

result in reduced collagen mRNA levels [27].

The mechanisms by which glucocorticoids may

induce increased ROS production are unknown
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and is unlikely to be apoptosis related. Notably in

some cell types the opposite effect has been

shown in that glucocorticoids have been shown

to reduce ROS production in platelets [28].

Glucocorticoids have been shown to affect the

differentiation of tendon derived cells. Tempfer

et al demonstrated that glucocorticoid treatment

increased the number of adipocytes and chondro-

cyte like cells present in vitro [24]. It was also

shown that two surrogate markers of tendon cell

migration, MMP2 and MMP9 expression, were

reduced after glucocorticoid treatment (see

Chap. 17). An in vitro study using rat tendon

stem cells by Chen et al showed that glucocorti-

coid inhibited the differentiation of these cells

into tenocytes, as measured by reduced levels of

tenomodulin and type I collagen [29]. Chromatin

immunoprecipitation-PCR showed that dexa-

methasone promoted glucocorticoid receptor

interaction with the TGGAAGCC sequence

located between �734 and �726 base pairs

upstream of the start codon of the scleraxis

gene, leading the authors to conclude that gluco-

corticoid inhibits the differentiation of tendon

stem cells to tenocytes by inhibiting the

scleraxis gene.

Fig. 23.1 A model for glucocorticoid dependent repres-

sion of pro-inflammatory genes. A generalised inflamma-

tory cascade is shown. Cytokine binding to its cognate

receptor localised in the plasma membrane (pm) leads to

activation of a kinase cascade consisting of kinases 1, 2,

and 3 (K1, K2, and K3). K3 translocates across the

nuclear membrane (nm) and then phosphorylates the tran-

scription factor (TF) which actives transcription of an

inflammatory protein gene. This leads to mRNA synthesis

(transcription) and protein synthesis (translation) of the

inflammatory protein. Binding of glucocorticoid to the

glucocorticoid receptor (GE) leads to dissociation of the

heat shock proteins (hsp90) and translocation of GR to the

nucleus. (i) GR may bind TF (for example NF-κB or

AP-1) to repress activated transcription via tethering

type interactions. (ii) Alternatively, it is hypothesised

that GR interacts with other factors (X, Y) to activate

gene transcription of anti-inflammatory genes. These

anti-inflammatory genes are further hypothesised to pro-

mote mRNA degradation and/or repress translation of

inflammatory genes. Taken with permission [19]
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Importantly Poulsen et al have demonstrated

that glucocorticoids induce senescence in tendon

derived cells in vitro by the p53/p21 pathway

[30]. It was previously unknown whether the

glucocorticoid induced reduction in cell prolifer-

ation results in cell quiescence or senescence.

One of the critical features distinguishing a

senescent cell from a quiescent cell is that

mTOR (mammalian target of Rapamycin)

remains active in the former. Poulsen

et al found no change in levels of phosphorylated

p70 S6kinase, a substrate of the mTORC1

enzyme, following glucocorticoid treatment of

tenocytes suggesting mTOR remained active in

the cells. Consistent with this finding, SA-β-gal
(senescence associated beta galactosidase) activ-

ity was greater in glucocorticoid treated tendon

derived cells compared with controls. Inhibition

of mTOR with rapamycin markedly reduced the

number of SA-β-gal-positive cells following glu-
cocorticoid treatment. Taken together, these

results confirmed that glucocorticoids induce

senescence in human tendon derived cells.

Poulsen et al also demonstrated that low glucose

and resveratrol were protective against this glu-

cocorticoid induced senescence and that this pro-

tection was abolishing by Sirtuin 1 (sirt1)

inhibition, demonstrating that sirt1 activation

was the largely responsible for the protective

effect. The relevance of cellular senescence

relates to its potentially key role in age related

degenerative disease [31].

The In Vivo Effects of Glucocorticoid

Difficulties in carrying out human in vivo studies
mean that the majority of in vivo work has been

carried out in animals. There is certainly some

evidence that glucocorticoids have significant

deleterious effects on tendon in vivo in terms of

inducing collagen bundle fragmentation and an

influx of inflammatory cells [32–34]. A notable

point is that these deleterious effects were only

seen after relatively high doses of glucocorticoid

which were repeated multiple times within a

relatively short space of time, and that

deleterious effects were not seen with less fre-

quent injections [33].

In vivo studies on both the rabbit and the

human have demonstrated that glucocorticoid

injection results in acute localised collagen

necrosis, an effect that was not seen in the saline

injected controls [35, 36]. Both these studies then

demonstrated a variable inflammatory response

to this collagen necrosis followed by a

subsequent reparative process. Whether the col-

lagen necrosis is as a result of a direct effect of

the glucocorticoid or an enzyme mediated effect

is as yet unknown. A recent human in vivo study

has demonstrated increased levels of NMDA

receptor expression 6 weeks following glucocor-

ticoid administration, it was not determined

whether this change was related to an inflamma-

tory cell infiltrate [37]. Given that it has been

shown that the NMDA receptor is largely

expressed by inflammatory cells within tendon

[38], it is certainly eminently possible that the

increase in NMDA receptor expression seen was

related to an inflammatory cell infiltrate (see

Chap. 5).

Not only has glucocorticoid been shown to

inhibit type I collagen fibril formation in vitro

[39], but glucocorticoids have also been shown to

inhibit collagen synthesis in animal in vivo stud-

ies [40, 41]. Again it must be noted that a signifi-

cant reduction in collagen synthesis has only

been demonstrated using extremely high doses

of glucocorticoid, for example Oxlund

et al injected 10mhg/kg of cortisol around rat

peroneal tendons every third day for 55 days

[40]. A single dose of glucocorticoid has been

shown to increase the ratio of type III to type I

collagen expression in the rat [42]. Lee

et al investigated the effect of glucocorticoid

injection in a rat model of tendon injury

[43]. They demonstrated that at 3 days following

glucocorticoid administration both aggrecan and

fibronectin gene expression was higher versus

control, alongside a lower level of TNFα gene

expression. They consequently hypothesised that

glucocorticoid may have a short term anti-

inflammatory effect which is associated with

these changes in matrix gene expression.
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Broadly the effects of glucocorticoid on the

mechanical properties of tendon appear to be

negative [21]. Figure 23.2 shows a forest plot

demonstrating the overall negative effect of glu-

cocorticoid on the mechanical strength of tendon.

This finding is consistent the evidence that

demonstrates glucocorticoid administration

results in collagen necrosis and disorganisation,

followed by an infiltration of inflammatory cells.

Poulsen et al investigated both the in vitro and

in vivo mechanisms of glucocorticoid action on

tendon derived cells and tendon respectively

[30]. They found that increased levels of

acetylated p53 as well as increased RNA levels

of its pro-senescence effector p21 were evident

in glucocorticoid-treated tendon derived cells.

Knockdown of p53 or inhibition of p53 activity

prevented dexamethasone-induced senescence.

While immunohistochemical analysis of tendon

biopsies taken before and after glucocorticoid

injection revealed a significant increase in the

percentage of p53-positive cells and the percent-

age of p21-positive cells also tended to be higher

post-injection suggesting glucocorticoids acti-

vate the p53/p21 senescence inducing pathway

in vivo as well as in vitro. Muto et al found that

both MMP-3 expression and apoptosis were evi-

dent in the surface layers of tendons 1 week after

glucocorticoid injection but that these changes

had disappeared after 3 weeks [34]. Saliently

the increase in MMP-3 expression and apoptosis

coincided with a loss of collagen organisation

after 1 week which did not persist to the 3 week

stage.

Discussion

A great difficulty in terms of interpreting the

clinical meaning of the observed in vitro and

in vivo effects of glucocorticoid is that these

experimental environments are arguably signifi-

cantly different to the disease environment. It is

worth considering that the effects of glucocorti-

coid are extremely dependent upon the cell type

studied. There remains a paucity of work in terms

of characterising the cell surface markers

expressed by ‘tendon derived cells’ and it is

likely that these cells are not a homogenous pop-

ulation. Based on previous histological studies it

is a distinct possibility that cells derived from

disease consist of significantly different cell

groups to those derived from healthy disease-

free tendon [2]. It is therefore important to con-

sider these gaps in our knowledge before

interpreting the results from studies on cells

derived from different animals in different states

of tendon health using different cell extraction

Fig. 23.2 Forest plot of studies analysing effects of glucocorticoid on the mechanical properties of tendon (X axis—

effect size (standardised mean difference) and Y axis—studies included). Taken with permission [21]
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methods at different passages. It is also worth

considering that the in vivo models of

tendinopathy are arguably not an accurate repre-

sentation of human disease, while the cellular

makeup of tendon is likely significantly different

in a healthy in vivo situation when compared to

real human disease.

Despite these limitations to our current under-

standing of the effects of glucocorticoid on ten-

don derived cells and tendon, several distinct

themes recurrently emerge from the current sci-

entific literature. Glucocorticoids reduce tendon

derived cell proliferation in vitro and reduce

extracellular matrix synthesis both in vitro and

in vivo, in particular type I collagen synthesis.

Glucocorticoids also appear to result in acute

deleterious changes in healthy in vivo tendon

including collagen necrosis, collagen

disorganisation and inflammatory cell infiltra-

tion; while the overall effect of glucocorticoid

administration on the mechanical properties of

healthy in vivo tendon are generally negative.

These catabolic effects are consistent with the

known effects of glucocorticoid on other connec-

tive tissue such as the skin [44]. The differing and

sometimes contrasting effects of glucocorticoid

on different cell types are worth considering in

the context of how glucocorticoids may differen-

tially affect healthy and normal tendon

[45, 46]. The secretion of collagenase by

macrophages is inhibited by glucocorticoids in

a dose dependent fashion [47]. Thus one may

infer that the effects of glucocorticoid on dis-

eased tendon in vivo, in which macrophages are

significantly more abundant, may be rather

contrasting to the effects observed on healthy

tendon in vivo. Perhaps the variability in patient

response to glucocorticoid may be related to the

inflammatory phenotype of their disease, and this

may variability may to some degree be predict-

able. Overall the existing in vitro and in vivo

evidence suggests that glucocorticoids should

be used with caution in treating painful

tendinopathy [21]. Certainly a real need exists

to follow up the long term clinical effects of

glucocorticoid in treating tendinopathy, as there

is currently a paucity of evidence in this area.

However in this context while the short term

benefits are clear, glucocorticoids remain a use-

ful treatment option provided they are used in the

right patients in sensible moderation.
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Influence of Ageing on Tendon
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Abstract

Tendon functional competence and structural integrity rely on homeosta-

sis of tendon cell metabolism and extracellular matrix macromolecules.

The clear link between tendinopathies and increasing age suggests a slow

change to tendon homeostasis, which increases susceptibility to damage.

Despite this well evidenced association between increasing age and ten-

don damage, changes to tendon mechanical properties with ageing are not

clear with different studies reporting conflicting results. More recent

research suggests that age-related changes occur at specific sub-structure

locations and may be overlooked by measuring properties of the whole

tendon. In this chapter we review changes to tendon mechanical

properties, structure and composition. Mechanisms speculated to contrib-

ute to tendon change with age such as cellular senescence, ageing stem

cell population, reactive oxygen species and formation of advanced

glycation end-product crosslinks are discussed. Understanding

age-related changes to tendon homeostasis are key to understanding

increased incidence of tendon injuries in the ageing population.
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ICTP Cross-linked carboxyterminal

telopeptide of type I collagen

IL1β Interleukin 1β
MRI Magnetic resonance imaging

PGE2 Prostaglandin E2

PRG4 Proteoglycan 4

ROCK1 Rho-associated coiled-coil protein

kinase 1

ROS Reactive oxygen species

SASP Senescence-associated secretory

phenotype

SDFT Superficial digital flexor tendon

TSC Tendon stem cell

Ageing and Tendon Susceptibility
to Injury

Chronic tendon/ligament disorders are highly

debilitating and increasingly prevalent [1],

accounting for one-third of all primary-care mus-

culoskeletal consultations in the UK [2]. Injuries

to ligaments, joint capsules and tendons account

for approximately 50 % of the 23 million mus-

culoskeletal injuries that occur in the USA annu-

ally [3]. They affect sporting and sedentary

individuals [1] in addition to animals such as

horses [4, 5]. However, there are no effective

treatments or prevention strategies for these

injuries [5, 6], as a result of limited understand-

ing of the tissues and the aetiology of injury.

The prevalence of tendon injuries is thought

to be increasing due to both increasing sports

participation as well as an ageing population

[1]. In particular, increasing age has been

demonstrated to be a risk factor for a number of

different tendinopathies. A recent systematic

review of rotator cuff diseases has identified a

prevalence of 9.7 % in patients 20 years or youn-

ger, rising to 62 % in patients 80 years or older

[7]. A separate report identified that rotator cuff

tears affected 40 % of individuals older than

60 years in the USA [8]. Achilles tendinopathy

is most commonly observed in the fourth and

fifth decade of life [9]. Another study identified

Achilles, patellar and quadriceps tendon rupture

as injuries of middle age, with rotator cuff tears

and biceps tendon rupture occurring more fre-

quently in old age [10]. In the horse, a species

which frequently suffers from tendinopathy

(Fig. 24.1), a number of studies have

demonstrated an association between increasing

age and risk of tendon injury [11–13].

Age-Related Changes to Mechanical
Properties

The unequivocal evidence demonstrating

increased susceptibility of tendon to injury with

advancing age suggests that the ability of tendon

to withstand mechanical forces declines. The

strength of the tendon, the degree of elongation

prior to failure and ease with which the tendon

deforms (stiffness) are important properties for

consideration. While it might be expected that

the ultimate force and strain would show a nega-

tive correlation with age following maturity,

studies have not been able to demonstrate a

clear link. The ultimate tensile strength of the

human patellar tendon was found to show a

moderate 17 % decrease between age groups of

29–50 years and 64–93 years [14] but no differ-

ence between the ages of 17–54 years [15, 16] in

in vitro mechanical tests. The Achilles tendon

demonstrated a decrease in ultimate tensile

Fig. 24.1 The bowed

appearance to the back of

the lower limb of this horse

is due to a tendon injury
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strength for ages between 36 and 100 years in

embalmed specimens [17] and a lower ultimate

tensile stress in fresh samples over 35 years of

age compared to less than 35 years [18]. Material

stiffness (modulus) might be expected to increase

with ageing however some studies show no

effect in human tendon [14, 16, 19] or a slight

decrease in human patellar [15] and Achilles

tendon [18]. In horses, despite the clear associa-

tion between horse age and incidence of injury,

the ultimate stress, strain and modulus of the

superficial digital flexor tendon (SDFT) do not

appear to change with increasing horse age [20].

Measurement of mechanical properties

in vivo is more problematic due to difficulties

in measuring both force and elongation accu-

rately. While it is not possible to measure the

failure properties of tendons in vivo, some studies

have quantified tendon stiffness using a combi-

nation of ultrasound or MRI to track tendon

elongation and joint torque to calculate muscle

force generation. Measurements of this type are

possible for the Achilles and patellar tendon

(Fig. 24.2). The forces that tendons are subjected

to decrease with advancing age from skeletal

maturity through into old age as a result of a

decline in muscle mass and force generation

[22–25]. Some studies suggest that tendon stiff-

ness may compensate for the decrease in the

ability of the associated muscle to generate

force. The tendon-aponeurosis of the vastus

lateralis muscle was found to decrease in stiff-

ness in a group of women aged from 21 to

77 years [22] although tendon strain at maximum

force also decreased. In another study, the patel-

lar tendon in a group of aged men (60–69 years)

had a lower stiffness than in a young group of

men (21–32 years) although there was no differ-

ence in the stiffness of the Achilles tendon

between groups and no difference in the maxi-

mum strain for either tendon between young and

old groups [23]. A larger study including both

men and women with a broader age range (18–80

years) found that Achilles tendon stiffness

decreased in the older age group [25], a finding

repeated in a later study with a smaller group of

women [26]. The decrease in tendon stiffness

cannot be accounted for purely by a decrease in

tendon size. In the study by Csapo et al. [26] the
Achilles tendon showed no significant difference

Fig. 24.2 Ultrasound

probe attached to human

lower limb to visualize the

muscle tendon junction (a)
and images of the Achilles

tendon junction with the

lateral gastrocnemius (b)
(Adapted from [21])
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in length and cross sectional area (CSA) between

groups and in the study by Stenroth et al. [25] the

Achilles tendon CSA increased significantly in

the older group, hence both studies reported a

significantly lower Young’s modulus in older

tendons.

Given the complex hierarchical structure of

tendon, studies investigating mechanical

properties of the gross tendon structure in vitro
and in vivo may miss important changes occur-

ring at sub-structure level. The work of Screen

and colleagues has investigated mechanical

properties of tendon fascicles and fibres and

changes related to ageing. The failure properties

(stress and strain) and modulus of fascicles dis-

sected from the equine SDFT, an energy-storing

tendon, showed no significant differences

between a young group of horses (3–8 years)

and an old group of horses (15–20 years)

[20]. The stiffness of the inter-fascicular matrix

however, which binds the fascicles together,

increased in stiffness significantly with increas-

ing age (Fig. 24.3) [20]. This finding suggests

that the load distribution within the tendon

changes with ageing such that the fascicles are

loaded earlier during tendon extension in older

tendons. It is interesting to note that behavior of

the subunits of tendon differ between tendon

types; in the equine common digital extensor

tendon (CDET), a positional tendon, the inter-

fascicular matrix is much stiffer [27] and does

not change significantly with increasing horse

age (Fig. 24.3) [20].

In addition, other mechanical properties less

often considered such as hysteresis and fatigue

properties are likely to be very relevant with

regard to tendinopathies. These properties are

particularly important in the human patellar and

Achilles tendon and the equine SDFT as they are

subjected to a high number of loading and

unloading cycles and function as elastic energy

stores. Although quantifying hysteresis in vivo is

problematic [28], a study of the tendon-

aponeurosis of the vastus lateralis showed an

increase in hysteresis with ageing in a group of

women between 21 and 77 years [22]. Hysteresis

and post-loading recovery have been studied in

fascicles from equine tendons in vitro and

differences have been observed between tendon

types and with ageing. Fascicles from the energy

storing SDFT have lower hysteresis and a greater

ability to recover after loading compared to those

from the CDET. This difference can be explained

by a difference in the extension mechanism;

SDFT fascicles appear to extend by rotation of

a helical structure while CDET fascicle exten-

sion is dominated by sliding of the component

fibres [29]. In older horses, the ability of the

fascicles from the SDFT to recover following

loading is reduced and hysteresis increases

[29]. Fatigue loading of SDFT fascicles in vitro

results in changes similar to those seen in ageing;

in fascicles from young horses rotation decreases

and in fascicles from older horses where the

helical structure is already compromised there

is an increase in fibre sliding following fatigue

Fig. 24.3 Force extension curves for the fascicular interface in the SDFT (solid line) and CDET (dashed line) from a

3 year old horse (a) and a 20 year old horse (b) (Adapted from [20])
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loading [30]. The inter-fascicular matrix in the

SDFT, in addition to an increase in stiffness with

ageing, also shows less ability to resist repetitive

loading [31]. These studies demonstrate that the

mechanical behavior of tendons is complex, as

are the changes associated with ageing.

Age Related Changes to Tendon
Composition

Age related changes in the response of tendon to

applied force stems from a difference in the

matrix structure and composition. Information

on age related changes to human tendon matrix

composition is limited; the majority of research

in this area has been conducted on animal tissue

and often short-lived species such as rats and

mice. The application of these findings to

human tendon should be made with care. The

horse however represents a good model to study

tendon ageing as this species is relatively long-

lived and shows an age related decline in tendon

function. Morphometric study of the SDFT in

horses aged from 2 to 23 years showed that

fascicles decreased in size with increasing horse

age [32], however this finding was not apparent

in studies where fascicles were dissected free

from the tendon and CSA measured [20]. In the

study by Gillis et al., [32] tendon CSA did not

decrease with advancing age thus fascicle num-

bers appeared to increase. This would suggest a

greater proportion of inter-fascicular matrix in

older tendon; an interesting finding given the

role that the inter-fascicular matrix plays in ten-

don mechanical behavior. A decrease in unit size

also appears to occur at the nano-scale with

increasing age, as the average collagen fibril

diameter reduces with advancing age in the

equine SDFT [33]. The size of the collagen fibrils

has also been linked to mechanical properties,

where smaller diameter collagen fibrils have

been suggested to provide a more creep resistant

matrix [34]. Collagen fibrils in their longitudinal

course show an abrupt change of direction giving

rise to a ‘crimped’ structure [35]; in older horses

the crimp becomes less pronounced in the central

core of the SDFT (Fig. 24.4) [36, 37].

In terms of molecular composition, equine

tendon water content and collagen content do

not change significantly with ageing [38, 39]. In

contrast, tissue biopsies from the human patellar

tendon were found to have a lower collagen

content and higher levels of the mature crosslinks

hydroxylysylpyridinoline and lysylpyridinoline

in an older group of men (67 � 3 years) com-

pared to a young group of men (27 � 2 years)

[40]. A measure of the total sulphated glycosami-

noglycan (GAG) content gives an indication of

proteoglycan levels in tendon. Changes in GAG

levels with age appear to depend on tendon type,

with the energy storing equine SDFT showing no

significant change in levels [38, 39] whereas the

positional CDET showed a significant decrease

in GAG levels with increasing horse age [39]. In

a study of human tendons from donors ranging in

age from 11 to 95 years GAG levels decreased

significantly with age in the supraspinatus tendon

but not the common biceps tendon [41].

Using changes in total sulphated GAG levels

as an indication of changes in proteoglycan con-

tent overlooks possible disparity between

Fig. 24.4 Diagrammatic

representation of collagen

fibril crimp in the central of

young (a) and old (b)
equine SDFT Θ ¼ crimp

angle, l ¼ crimp length,

d ¼ measured crimp length
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individual proteoglycans. For example, there is

some evidence to suggest that lubricin, also

known as superficial zone protein and proteogly-

can 4 (PRG4), increases in rabbit ligament

between the ages of 1 and 3 years [42]. Lubricin

is a glycoprotein that acts as a lubricant enabling

gliding of cartilage surfaces [43, 44] and gliding

of tendons around joints and adjacent tendons

[43]. More recently, lubricin has been found

within the tendon structure where it is enriched

in the interfascicular matrix [45, 46]. Interestingly,

the rabbit ligaments where higher levels of

lubricin mRNA expression were measured

showed an increased ultimate strain and decreased

elastic modulus [42]; a change that may be

explained by increased ability of fascicles to

glide relative to each other. However, studies

investigating age related changes in human Achil-

les tendon found that lubricin was not differen-

tially expressed between young (19 � 5.8 years)

and old (69.4 � 7.3 years) tendons [47]. These

studies indicate the need for detailed investigation

with regard to specific proteins and glycoproteins

as well as sub-structure location with a clear dis-

tinction made between maturation and ageing

effects.

Contrary to what might be expected, DNA

levels, which provide a measure of cellularity,

do not seem to decrease in ageing tendon

[38, 39].

Age Related Changes to Matrix
Turnover Rate

In general, protein synthesis in tissues decreases

with advancing age [48], and therefore it might

be expected that extracellular matrix proteins in

tendon are renewed less often. It is difficult to

measure the turnover rate of long-lived proteins,

however measuring the ratio of D to L isomers of

amino acids allows an estimate of protein half-

life in tendon to be made. All amino acids are

incorporated into newly synthesized proteins in

their L form however over time they can sponta-

neously convert to the D isomer form by a pro-

cess known as racemization. This is a relatively

slow process but happens more quickly in

aspartic acid making this amino acid convenient

to measure. A comparison of the rate of accumu-

lation of D aspartic acid with the rate that would

occur if the protein were not turned over at all

allows a half-life to be calculated. Measurement

of the ratio of D/L forms of aspartic acid in

equine SDFT and CDET tissue from horses rang-

ing in age from 4 to 30 years suggested an aver-

age protein half-life of 7.85 years for the SDFT

and 8.02 years for the CDET and half-life

increased significantly with increasing horse

age for both tendon types [39]. Separation of

the tissue into collagenous and non-collagenous

proteins showed that the collagen component has

a much longer half-life than the non-collagenous

proteins and this was significantly longer in the

SDFT (197.53 years) compared to the CDET

(34.03 years). The half-life of the collagen com-

ponent increased significantly with increasing

age in the SDFT but not the CDET. Conversely,

the non-collagenous proteins turned over more

slowly in the CDET (average half-life 3.51 years)

than the SDFT (average half-life 2.18 years) and

half-life increased with increasing age in the

CDET but not the SDFT [39]. These studies

suggest that the majority of the collagen remains

in the tendon for the life-time of the horse.

A similar study has been carried out in human

tendon by taking advantage of the (14)C labeling

of tissues as a result of the nuclear bomb tests in

1955–1963. Levels of (14)C were measured in

Achilles tendon samples and compared to known

atmospheric levels. The results suggested that

after the cessation of growth at about 17 years

of age the turnover of tendon tissue is essentially

zero [49]. Other work however has suggested a

much more rapid turnover of tendon matrix.

Studies using incorporation of stable isotope

labeled amino acids suggested that the half-life

of collagen in human patellar tendon is about

2 months and close to that of skeletal muscle

proteins and higher than muscle collagen

[50, 51]. Studies using microdialysis catheters

to extract metabolites from the peritendinous

region of human Achilles tendon have also

demonstrated active turnover of collagen by

measuring the pro-peptide of type I collagen as

a marker of synthesis and cross-linked
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carboxyterminal telopeptide of type I collagen

(ICTP), as a marker of degradation [52, 53]. Thus

it seems likely that a component of the tendon is

degraded and renewed frequently while the bulk of

the tendon is relatively inert.

A decline in matrix turnover with increasing

age would be most easily explained by reduced

gene expression of matrix and matrix degrading

enzymes by tenocytes. Expression of a range of

different matrix proteins including collagens and

proteoglycans and matrix degrading enzymes has

been quantified in equine SDFT tissue from

horses ranging in age from 3 to 30 years

[54]. This study showed no significant drop in

expression levels of Col1a2, Col3a1, Col5a1, or

Col12a1 or proteoglycans such as decorin,

biglycan and fibromodulin with increasing

horse age. Furthermore, despite previous studies

suggesting a slowing of collagen turnover in the

SDFT with ageing, no decrease in the levels of

expression of the collagenases MMP1 and

MMP13 were detected or the tendon-specific

transcription factor scleraxis. A full

transcriptome analysis using RNA-Seq of

human Achilles tendon tissue from young

(19 � 5.8 years) and old (69.4 � 7.3 years)

donors found 191 transcripts were at higher

levels in the older tendon and 134 were at lower

levels in the older tendon [47]. The networks

identified as associated with the differentially

expressed genes were cellular function and main-

tenance, cellular growth and proliferation, cellu-

lar cycling, and cellular development, rather than

networks relating to matrix proteins, as had been

identified in a transcriptome analysis of ageing

cartilage [55]. Interestingly, a proteomics study

comparing young and old equine SDFT tissue

also found cellular proteins featured strongly in

the differential analysis; with the term ‘interme-

diate filament’ identified and several cyto-

skeletal keratins and gap junction proteins higher

in the old tendon group [56].

While data suggest that there is not a straight-

forward reduction in gene expression resulting in

reduced matrix turnover, other age related pro-

cesses may result in changes to cell behavior and

response to growth factors, cytokines and

mechanical signals.

Mechanisms for Age Related Decline
in Matrix Turnover Rate

Cellular Senescence

Cellular senescence, the irreversibly arrest of

cellular division is an intricate biological process

causing alterations in the protein expression pro-

file of the cell and resulting in replicative arrest,

changes in metabolism, adhesion efficiency and

secretory phenotype [57]. Several of these

modifications produce beneficial tumour-

suppressive effects as they diminish the prolifer-

ation capacity of mutated cells. However,

senescent cells are characterised by an increase

in the secretion of growth factors, inflammatory

cytokines, and proteases; the ‘senescence-

associated secretory phenotype’ (SASP), that

can exert the opposite activity by creating a

tumour-favoring milieu [57]. We can distinguish

ageing from senescence by noting that the latter

occurs at a cellular level [58].

Tendon fibroblasts from old mice exhibited

low motility, a poorly organized actin cytoskele-

ton, and a different localization of key focal

adhesion proteins as compared with young

cells. Senescence associated β-galactosidase
expression, a marker for senescence

demonstrated that fibroblasts from old mice

Achilles tendon were not senescent, but had a

distinct phenotype [59] in contrast to ageing rat

in which there was an increase in β-galactosidase
in middle aged and old rats [60]. However, repli-

cative senescence was demonstrated in mice

Achilles tendon fibroblasts cultured for more

than 50 passages [59]. Long term in vitro culture

of cells (the Hayflick model of cellular senes-

cence) has been used extensively to identify

mechanisms of age related impairment of func-

tion [61]. This method demonstrates proliferation

arrest after a number of population doublings and

the associated biochemical and molecular

changes. Telomere length is a further senescence

marker as telomeres are known to shorten pro-

gressively during successive cell divisions

[62]. In a recent study there was no decrease in

cellularity or relative telomere length with

increasing age in equine tendon [54].
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There is a reduction in proliferation of

tenocytes with age. The cellular senescence-

inhibited gene (CSIG) is expressed abundantly

in young tendon fibroblasts, but its expression

declines during cellular senescence. In ageing

tendon the reduction in proliferative capacity is

associated with the down-regulation of CSIG and

an increase in p27, a cell cycle inhibitor protein.

CSIG modulates replicative senescence. A

reduction in CSIG reduces cell growth and

accelerates cellular senescence [60].

Ageing Stem Cell Population

Ageing in tissue such as muscle and brain is

driven in part by an age-related reduction in

regenerative potential of adult tissues related to

a functional decline of their stem cell pool

[63]. The number, stress resistance, and repair

capacity of tissue-specific adult stem cells

contributes to this [64]. The existence of tendon

stem or progenitor cells (TSC) has been con-

firmed in a number of species [65–70].

A relationship between altered TSC properties

and tissue ageing has been hypothesised. A study

in human Achilles tendon demonstrated that age-

ing TSCs exhibited self-renewal and clonogenic

insufficiencies and premature entry into senes-

cence whilst retaining their multipotency. The

group suggested that during tendon ageing the

TSC pool size and functional capacity becomes

exhausted [71]. It has been suggested that

microRNA (miR) 135a has a role in TSC senes-

cence through Rho-associated coiled-coil protein

kinase 1 (ROCK1) whilst also promoting prolif-

eration, migration and tenogenic differentiation

[72]. Furthermore a loss of tenomodulin, a

marker for the tenogenic lineage, may be a

source of TSC senescence in ageing tendon. A

tenomodulin knock-out mouse model

demonstrated TSCs that had reduced self-

renewal and demonstrated early entry into senes-

cence [73]. A recently recognised regulator of

TSC ageing is peptidyl-prolyl cis-trans isomer-

ase NIMA-interacting 1 (Pin 1) which has a role

as a post phosphorylation control in protein func-

tion regulation and participates in cellular

processes including cell cycle progression, cell

survival, immune response and lineage commit-

ment. It is involved in the regulation of adult

stem cells and in TSCs it affects cellular senes-

cence possibly through miR-140-5p [74].

In ageing rat [69] and human [75] TSCs there

is a reduction in both the number of TSCs, their

self-renewal and differentiation potential. In rat

this has been associated with a concomitant

decrease in tendon lineage markers [69]. How-

ever, TSCs seem to retain their pluripotency

[69, 71, 75].

Interestingly, a recent study determined the

mechanical properties of ageing stem cells and

identified an increase in stiffness of ageing TSCs

in rat that was attributed to a dense cytoskeleton

resulting in an increase in size and irregular

shape of older TSCs (see Chap. 6) [76].

Inflammageing

Inflammageing is considered the age-related

increase in the systemic pro-inflammatory status.

The process results in the breakdown of the

multi-shell cytokine network as a consequence

of remodeling of the innate and acquired immune

system; leading to chronic inflammatory cyto-

kine production. Genetic, environmental and

age-related factors determine susceptibility to

inflammageing. Thus there is a diminished abil-

ity to modulate inflammation [77]. Dakin

et al. [78] described an age-associated reduction

in FPR2/ALX (a g-coupled protein receptor

which binds ligands including metabolites of

arachidonic acid) along with increased PGE2 in

tendon.. In addition interleukin 1β (IL1β) treated
tendon explants from older horses had a reduced

ability to express FPR2/ALX and tenocytes from

older horses had a reduced response to IL1β
induced PGE2. These results imply that

inflammageing is present in ageing tendons and

aged individuals exhibit a reduced capacity to

resolve inflammation. Therefore ageing may

contribute to deregulated tendon repair through

these pathways.

In contrast, in an RNASeq study of ageing

human Achilles tendon inflammatory pathways

254 H.L. Birch et al.

http://dx.doi.org/10.1007/978-3-319-33943-6_6


were not recognised following gene ontology of

differentially expressed genes [47]. Furthermore,

in a proteomics study of ageing tendon, inflam-

matory proteins were not differentially

expressed [56].

Reactive Oxygen Species and the Free
Radical Theory

One ageing theory is the ‘damage-accumulating

theory/free radical theory’ in which there is a

progressive accumulation of cell damage

resulting in failure of repair and maintenance

systems [79]. One of the causes of cell damage

is reactive oxygen species (ROS). A free radicle

is any species capable of independent existence

that contains one or more unpaired electrons.

Trauma, environmental and physiological

stimuli may enhance ROS production and ROS

are continually produced during normal cell

metabolism.

There are a lack of studies on the role of ROS

in age-related tendinopathy. An increase in the

expression of peroxiredoxin, a thioredoxin per-

oxidase with antioxidant properties, in tendon

degeneration suggests that oxidative stress may

be involved in the pathogenesis of tendon degen-

eration [80], as it is in the age-related disease

osteoarthritis [81].

In a recent ageing tendon proteomic study

there was a reduction in catalase, α-crystalline-β
chain and a number of heat shock proteins, which

have protective roles in oxidative and thermal

stress respectively. This could point to ageing

tendon being less able to respond to increases in

ROS [56]. However there was no change in oxi-

dative stress related genes in a tendon ageing

transcriptomic study [47].

There is evidence for the involvement of

age-related apoptosis in tendon pathology and

ageing which may be a consequence of ROS. In

degenerative joint disease of the knee, an age

related condition, there is an association with

increased susceptibility of periarticular tenocytes

to Fas ligand induced apoptosis [82].

Glycation of Matrix Proteins

Although the majority of research concerning

ageing has focused on mechanisms that are cell

mediated [83], an alternative explanation is that

the matrix proteins themselves undergo age

related changes. The long-lived nature of tendon

collagen renders it susceptible to attack by reac-

tive carbonyl groups on sugars such as glucose,

in a process known as ‘browning’ or glycation. A

series of spontaneous chemical re-arrangements

occurs and further reactions with neighboring

peptides results in advanced glycation

end-product (AGE) crosslinks such as

pentosidine. Unlike the enzyme-mediated

crosslinks, which are confined to the telopeptide

regions of collagen molecules, AGE crosslinks

can form throughout the length of the collagen

molecule. Pentosidine is relatively easy to mea-

sure as it is resistant to the convenient method of

acid hydrolysis to break proteins down into con-

stituent amino acids and in addition, pentosidine

is fluorescent, so easy to detect. A number of

studies have quantified levels of pentosidine in

tendon tissue and shown a positive correlation

with donor age. For example pentosidine levels

increase with age in human patellar tendon [40],

posterior tibialis tendon [84], and equine SDFT

and CDET (Fig. 24.5) [39]. The levels are how-

ever relatively low (1 crosslink per 70 collagen

molecules) in the study by Thorpe et al. [39] and

other AGE crosslinks that are present at much

higher levels are likely to be more relevant to

pathophysiology. One AGE crosslink of particu-

lar interest is glucosepane; this AGE crosslink

was first identified in 2002 by Biemel and

colleagues [85] and later shown to be present in

human skin samples at levels equivalent to those

for enzyme-mediated crosslinks (see

Chap. 18) [86].

Glucosepane is formed from lysine, arginine

and glucose, is acid labile, non-fluorescent and

present in several different stereoisomer forms

making study in native tissues difficult. Initial

work in our laboratory has however shown that

glucosepane is present in human Achilles tendon
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tissue and levels increase with increasing donor

age (Birch, unpublished data). The impact that

these crosslinks will have on collagen properties

are determined by the sites at which glucosepane

forms. Computational studies using a fully atom-

istic model of an entire collagen molecule in a

fibrillar environment have been used to identify,

based on energetics, the residues responsible for

forming intra-molecular glucosepane cross-links

in type I collagen [87]. Using this approach

24 sites where lysine and arginine are in close

enough proximity to form glucosepane were

identified and six of these sites yielded an exo-

thermic enthalpy change on formation of the

glucosepane cross-link (Fig. 24.6). The six ener-

getically favourable sites identified all occur

within regions of the collagen molecule that are

involved in interactions with other matrix and

bioactive molecules. Other studies have

investigated the effect of AGEs on mechanical

properties of collagenous tissues by incubating

the tissue with sugars or other reactive carbonyl

metabolites [88–91]. Incubation of rat-tail tendon

with methylglyoxal resulted in increased stiff-

ness of collagen fascicles and this seemed to

result from decreased sliding between collagen

fibrils rather than increased stiffness of the fibril

[88]. There remains much to be discovered about

AGE formation as an ageing mechanism but this

will undoubtedly be very important for under-

standing tendon homeostasis during ageing.

Conclusion

In summary, although many characteristics of

ageing tendon have been documented, there

remain conflicting reports of age related effects

and the cause of increased injury with age

remains unresolved. We consider that age related

decline in tendon function is likely to result from

a combination of factors, rather than one single

cause. Some of the studies discussed in this chap-

ter suggest that a better understanding of normal

tendon function and biology is required to allow

the effects of ageing to be studied at more spe-

cific sub-structure levels. Understanding the

factors, and their interactions, that contribute to

age related changes in tendon would allow novel
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approaches to both prevention and better

treatments for tendinopathies.
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Abstract

Acute and overuse tendon disorders are frequently observed in the middle-

aged active population. Tendon overuse injuries are currently designated

as “tendinopathy”. Histopathological studies have shown that chronic

tendinopathy is frequently characterised by degenerative changes, such

as decreased organisation of collagen, altered cell distribution and

neovascularisation. In the recent years, scientific research and technology

in the field of regenerative medicine has provided a new perspectives on

managing chronic tendinopathy. An initiation of tissue healing can be

attempted by local delivery of growth factors. Nowadays, platelet-rich

plasma (PRP) is a commonly applied approach to achieve this. Platelet

degranulation leads to a release of various growth factors and cytokines.

There is a classification system to define the different forms of PRP. In the

past decade, a number of studies have been published on the effects of

PRP in different basic science studies. These studies suggest that PRP

modulates some aspects of tendon metabolic activity. This is one of the

reasons why PRP is increasingly used by many clinicians as treatment

option for tendinopathy in daily clinical practice. There is, however,

evidence from the literature that it does not lead to improved outcome

on imaging findings and on patient-reported outcomes. This questions the

role of PRP injections as regular treatment for tendinopathy. Moreover, it

results in a broader discussion on the required effects that need to occur

for tendon healing and symptom relieve.
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Abbreviations

PRP platelet-rich plasma

PPP platelet-poor plasma

P-PRP pure platelet-rich plasma

L-PRP leukocyte- and platelet-rich plasma

P-PRF pure platelet-rich fibrin

L-PRF leukocyte- and platelet-rich fibrin

PDGF platelet-derived growth factor

TGF-β transforming growth factor-β
VEGF vascular-derived endothelial growth

factor

EGF epithelial growth factor

HGF hepatocyte growth factor

IGF insulin-like growth factor

MMPs matrix metalloproteinases

ELISA enzyme-linked immunology assay

US ultrasonography

MRI magnetic resonance imaging

Introduction

Overuse tendon disorders are frequently

observed in the active middle-aged population

[1]. The aetiology of these overuse injuries is

largely unknown. A combination of aging and

increased activity level leads to an increased

risk of overuse injuries [1, 2].

The preferred terminology for tendon overuse

injuries is “tendinopathy”, as a descriptor of the

clinical picture [3]. Tendinopathy is a clinical

diagnosis that is established in the presence of

pain, tendon swelling and an impaired load-

bearing capacity [4]. Histopathological studies

have shown that the tendon tissue of patients

with chronic tendinopathy is frequently

characterised by degenerative changes

[5]. These changes include an abnormal collagen

fibre structure and arrangement, variations in

cellular distribution, rounding of tenocyte nuclei,

decreased collagen and glycosaminoglycan

stainability and increased vascularity. The

degenerative changes are probably the

prerequisites of spontaneous tendon ruptures [6]

and therefore a tendon rupture can be regarded as

end-stage of the degenerative process.

Based on the fact that the end-stage tendon

overuse injuries have a degenerative basis, scien-

tific research and technology in the field of

regenerative medicine has provided new

perspectives in this field. Initiation of tissue

healing can be attempted by local delivery of

growth factors. Injections with platelet-rich

plasma (PRP) are nowadays commonly used

with an attempt to achieve this [7]. Platelet

degranulation leads to a release of various

growth factors and cytokines [8]. Theoretically,

local administration of PRP could enhance a

regenerative response in injured tendons. Locally

injected growth factors could result in an

increased metabolic activity through their action

on tenocytes.

The aim of this book chapter is to provide an

overview of the effects of PRP on tendon tissue

in basic science studies, imaging studies and

from a clinical perspective.

Effects of Platelet-Rich Plasma in Basic
Science Studies

In the past decade, a lot of laboratory research

has been published in the field of PRP application

in tendons. This enables researchers to under-

stand how PRP could work in overuse tendon

injuries. This part describes the definition of

PRP and its potential working mechanisms on

tendon tissue in-vitro or in-vivo.
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Definition of Platelet-Rich Plasma

The main function of platelets is to contribute to

haemostasis. Platelets are produced by

megakaryocytes, which are formed in bone mar-

row. Platelet structures of interest for tissue

healing are the α-granules. Degranulation of

these α-granules leads to a release of many dif-

ferent growth factors that can support in tissue

regeneration processes. Platelet-derived growth

factor (PDGF), transforming growth factor-β
(TGF-β), vascular-derived endothelial growth

factor (VEGF), epithelial growth factor (EGF),

hepatocyte growth factor (HGF) and insulin-like

growth factor (IGF) are examples of such growth

factors [9, 10].

PRP can be obtained through a processing

technique of whole blood. Approximately

45–60 mL of autologous whole blood can be

drawn from the patient. Standard cell

separating devices can be used to isolate a

layer which is rich of platelets. To avoid pre-

mature clotting and to preserve the integrity of

the platelet membrane, a citrate anticoagulant

can be added to the whole blood [11]. Centrifu-

gation of autologous blood leads to the forma-

tion of three layers: platelet-poor plasma (PPP),

platelet-rich plasma (PRP) and red blood cells

(Fig. 25.1). The PRP layer can be used for

injection after aspiration. Specific activating

agents (e.g. calcium or thrombin) stimulate

degranulation of the α-granules, but collagen

type I – which is the main collagenous compo-

nent of tendons – is known to have comparable

stimulating effects on degranulation of the

α-granules [12].
Initially, PRP was defined as “a portion of the

plasma fraction of autologous blood with a plate-

let concentration above baseline” [13]. While

this definition is still applicable, a new classifica-

tion system has been proposed to improve the

evaluation of PRP-based therapies. This practical

consensus-based classification system divides

platelet concentrates into four categories

(Table 25.1) [14].

The PRP solutions have the advantage to be

liquid before activation, and can therefore be

used as injection. The PRF solutions only exist

in a strongly activated gel form which is not

applicable for injection therapy. Most studies in

orthopaedic and sports medicine literature used

the PRP forms.

This new classification system may be an

important first step in characterisation of PRP.

The simplistic approach makes it easily accessi-

ble and comprehensible for researchers and

clinicians. However, due to the high number of

parameters involved in the characterisation of

PRP it is deemed incomplete. Other factors that

may be of importance are the platelet concentra-

tion, quantity of leukocytes (if present), the

detailed cell composition and preservation and

Fig. 25.1 after centrifugation of whole blood, three

layers can be distinguished. Platelet-rich plasma can be

aspirated and used for injection therapy

Table 25.1 Consensus-based classification system for platelet concentrates

PRP classification Definition

Pure Platelet-Rich Plasma (P-PRP) Preparations without leukocytes and with a low-density fibrin network after

activation

Leukocyte- and Platelet-Rich Plasma

(L-PRP)

Preparations with leukocytes and with a low-density fibrin network after

activation

Pure Platelet-Rich Fibrin (P-PRF) Preparations without leukocytes and with a high-density fibrin network

Leukocyte- and Platelet-Rich Fibrin

(L-PRF)

Preparations with leukocytes and with a high-density fibrin network
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quantity of secreted growth factors [14]. It might

also be of importance to add an anti-coagulant

after collection of whole blood and activate PRP

after centrifugation. These variables make it

challenging to structurally evaluate mechanisms

and effectiveness of PRP in the scientific litera-

ture – even using a consensus based classification

system.

Local Tendon Metabolism After
Administration of Platelet-Rich Plasma

Mechanisms of new treatment options for

tendinopathy are preferably first evaluated in

the laboratory setting (see Chap. 8). From 2005,

many laboratory studies have been published on

the effects of PRP on musculoskeletal tissues.

The proposed mechanisms of PRP on tendon

tissue are discussed below.

Cell Proliferation
Anitua et al. [15] were one of the first researchers

to evaluate the potential beneficial effect of

growth factors released from PRP. They found

that both PRP and platelet-poor plasma (PPP)

within the fibrin matrices stimulated tenocyte

proliferation in healthy human tendon cells. Mul-

tiple subsequent studies confirmed these results

in animal or human tendon tissue [16]. In only

one study, tenocytes were isolated from human

rotator cuff tendons with degenerative tears

[17]. These authors showed that PRP stimulates

tendon cell proliferation when compared to con-

trol medium and PPP. The optimum proliferation

was observed at platelet concentration of five

times the baseline value. Hence, these studies

implicate that affected tenocytes isolated from

degenerative tissue still have the capacity to

proliferate.

Growth Factor Delivery
Clotting of platelets result in secretion of

platelets. Several studies also investigated

whether the contents of PRP also have the ability

to stimulate growth factor delivery by tenocytes.

A study on the effects of a PRP clot on human

tendon cells showed an increased synthesis of the

angiogenetic factors VEGF and HGF after 6 days

of culture. The other measured growth factors

PDGF, EGF, TGF-β1 and IGF-I were, however,

not increased. De Mos et al. [18] performed a cell

culture study in healthy human tendon cells and

administered 20 % of the platelet-rich clot

releasate because they assumed that it is not

realistic to consider that 100 % of the concen-

trate will reach the target lesion in the clinical

setting. Administration of PRP clots increased

concentrations of VEGF at all time-points and

increased PDGF-BB after 4 days of culturing.

Another placebo-controlled study in an Achilles

tendon rupture model of 80 rat tendons

demonstrated that there was no difference in

gene expression level of PDGF-BB and TGF-β1
throughout the experiment of 6 weeks. Only at

the 1-week time point, there was an increased

gene-expression level of PDGFα in the

PRP-treated tendons compared to the control

group [19]. Most of the basic science studies

identified an increased VEGF concentration

after PRP administration, but this increase is not

consistent for other growth factors [16].

Angiogenesis
The increased VEGF concentrations would sup-

port an angiogenetic response due to the presence

of a PRP clot, which was confirmed in a study on

the effects of PRP in traumatic rabbit patellar

tendon defects [20]. Immunohistochemically

detected neovascularisation was assessed semi-

quantitatively. Neovascularisation was increased

within the first 2 weeks after PRP administration

and significantly decreased after 2 weeks com-

pared to the control group. Bosch

et al. performed a placebo-controlled study on

the effects of PRP in surgically induced equine

tendon lesions [21]. PRP resulted in a signifi-

cantly increased colour Doppler signal from

1 week post-treatment until final follow-up of

24 weeks. These results could, however, not be

reproduced in other placebo-controlled studies.

The vascular density was deceased after admin-

istration of P-PRP in sheep Achilles tendons

[22]. Additionally, vascularity was not altered

after PRP treatment for a traumatic supraspinatus

tendon injury model [23]. Consequently, there is
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conflicting evidence on the angiogenetic

response after PRP administration.

Collagen Synthesis and Organisation
Theoretically, PRP has the ability to result in

production of a healthy tendon matrix with

aligned collagen. Indeed, PRP enhanced gene

expression of markers for collagen type I and

decreased collagen type III levels with a positive

collagen I/III ratio in equine tendon explants

[24]. PRP enhanced gene expression of markers

for collagen type I and III production, without

increased catabolic matrix metalloproteinases

(MMPs). This implicates that PRP administra-

tion results in an anabolic response. The anabolic

effects have also been established in tendon stem

cells after PRP clot administration [25]. These

tendon stem cells, derived from rabbit patellar

tendons, differentiated into tenocytes after addi-

tion of PRP to the culture. Moreover, there was

an increased cell proliferation and collagen pro-

duction. Contrary, another laboratory study in

healthy human tendon cells demonstrated that

both PRP and PPP clots decreased gene expres-

sion of collagen type I and III [18]. PRP also

resulted in an upregulation of MMP1 and

MMP3 expression. This implicates that PRP

might not only result in anabolic effects, but

also catabolic effects on tendon tissue.

A study on the effects of PRP administration

in rabbit patellar tendon defects was performed

to observe histological differences [26]. The

PRP-treated tendons showed better collagen

stainability and more distinct oriented fibroblasts

after 28 days. An in-vivo placebo-controlled

study on the effects of PRP in surgically induced

equine tendon lesions showed comparable results

[21]. PRP resulted in increased content of colla-

gen, glycosaminoglycans and cellularity. There

was a higher strength at failure and better struc-

tural organisation of the collagen network. The

above mentioned results could, however, not be

reproduced in another placebo-controlled study

on the effects of PRP in rat patellar tendons

[27]. Comparisons between the control group

and the PRP group revealed no overall

differences in biomechanical testing or

histopathological scores after 14 days. This may

have been caused by the high variability in plate-

let concentration, as a subgroup analysis of suc-

cessful PRP samples demonstrated improved

biomechanical properties. The above mentioned

studies show conflicting evidence regarding pro-

duction of collagen molecules and formation of a

collagen network.

Mechanical Strength and Loading
Researchers were also interested in the interac-

tion between delivered growth factors and

mechanical stimulation. The effect of a mechan-

ical stimulus on PRP-therapy was investigated

using an Achilles tendon transection model in

rats [28]. PRP, in the form of liquid or gel, was

derived after centrifuging whole blood of rats.

After application of activated PRP, tendons were

either unloaded by Botox injections into the calf

muscles or mechanically stimulated in activity

cages. Within the first 5 days platelets improved

the mechanical properties (with tensile testing),

also in the Botox-treated rats. This effect was,

however, abolished after 14 days in the Botox-

treated group. Without Botox, both activity and

platelets resulted in improved mechanical

properties. A study on the effects of PRP in rabbit

patellar tendon defects confirmed the improved

mechanical properties only in the early phase of

PRP administration [26]. Another study on the

effects of PRP and tendons stem cells in

surgically-induced rat Achilles tendon lesions

also demonstrated favourable effects of loading

compared to unloading (see Chap. 6) [29]. Con-

sequently, mechanical stimulation can be

regarded as a prerequisite for the long-lasting

effect of platelets.

Inflammation
The effects of PRP on inflammation and the role

of leukocytes are a topic of debate in this field.

Leukocyte- and Platelet-Rich Plasma

concentrations are thought to yield bioactive cat-

abolic cytokines. Indeed, a high leukocyte con-

centration in PRP contributed to the expression

of inflammatory cytokines in equine tendon

explants [30]. An initial pro-inflammatory

response was confirmed in a study on rabbit

patellar tendons, where a significant difference
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was found after L-PRP administration compared

to P-PRP [31]. Another equine laboratory study

showed that increasing the platelet concentration

in leukocyte-reduced PRP leads to more anabolic

growth factors and less pro-inflammatory

cytokines, but decreased tendon metabolism

measured with gene expression analysis for col-

lagen type I and III production [32]. Contrary,

anti-inflammatory effects of HGF in the PRP

concentrate have been established in another

study using a mouse Achilles tendon injury

model [33]. It is therefore uncertain whether the

local effects of PRP on tendon tissue are

pro-inflammatory or anti-inflammatory. If a

pro-inflammatory effect is present, this is proba-

bly in the early phase post-treatment using

L-PRP.

Systemic Effects After Administration
of Platelet-Rich Plasma

PRP might also work through chemo-attractive

mechanisms. In an in-vitro study PRP was

administered into the wounded area of a rat patel-

lar tendon [34]. The numbers of fluorescent-

positive cells – indicating presence of

circulation-derived cells – were significantly

higher after PRP administration, compared to a

control group. This implicates that PRP not only

acts locally, but important effects might be

initiated systemically. It is also known that cer-

tain growth factors (for example IGF-1 and

VEGF) are significantly elevated in the serum

after an intratendinous PRP injection [35]. This

suggests that the mechanism of PRP is an activa-

tion of biological pathways rather than direct

delivery of growth factors. However, this

hypothesis is not supported by a recent in-vivo

study in rat Achilles and patellar tendons

[36]. The collagenase-induced tendon lesions

were treated with either a single injection of

leukocyte-reduced PRP or serum and follow-up

was performed using serum sample and local

tendon tissue removal which was analyzed with

enzyme-linked immunology assay (ELISA)

techniques. This study demonstrated no differ-

ence in local or systemic markers (such as growth

factors) between both groups in mid-term and

long-term follow-up. Possibly, this systemic

response after PRP administration is only present

within the very short period after injection.

Summary of Laboratory Studies

PRP appears to have several potential effects on

tendon models compared with a control

treatments. Most studies showed increased cell

proliferation and growth factor concentrations

after PRP injection, especially the angiogenetic

VEGF. An increased histological vascular net-

work has been reported in multiple studies, but

negative studies are also present and one study

even showed reduced vascularity. Results are

heterogeneous on collagen type I and III produc-

tion and collagen organisation. The same

accounts for the suggested pro-inflammatory

and anti-inflammatory response. As described

above, the results of PRP administration in

basic science studies are inconsistent and an

accurate description of the PRP concentrate is

frequently lacking in the scientific literature.

This was supported by a recent systematic review

on this topic [16]. Another limitation of the basic

science literature is that the majority of the stud-

ies analysed the effects of PRP traumatic or

collagenase-induced tendon models. These

models are different from the pathology observed

in chronic tendinopathy. Therefore, one should

be cautious with the interpretation of these

findings.

Imaging Studies on the Effects
of Platelet-Rich Plasma

Ultrasonography (US) and magnetic resonance

imaging (MRI) are the additional diagnostics of

choice in the clinical setting because of their

excellent visualisation of soft tissue [37]. On

US, healthy tendons display a parallel tendon

structure. Disorganisation of tendon structure,

hypoechoic areas and increased blood-flow,

detected with the addition of Doppler techniques,

are frequently observed in cases of tendinopathy
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[38–40]. On MRI, a healthy tendon is displayed

as a structure with dark signal due to the tendon’s

densely packed collagen and low intrinsic water

content. Chronic tendinopathy is also

characterised by tendon thickening and an

enhanced intratendinous water signal as a result

of the increased water-attracting proteoglycans

between the fibrils [41].

Multiple ultrasonographical case series

showed decreased tendon thickening and

decreased number of hypoechoic areas after a

PRP injection in patients with Achilles

tendinopathy [42, 43]. Two case series also

described an initial increase in Doppler blood-

flow and a subsequent decrease after 6 months of

treatment which was attributed to PRP

[42, 44]. This lead to the hypothesis that the

delivery of local VEGF resulted in an improved

functional vascular network, which would be

necessary for the restoration of healthy tendon

tissue.

Improvements in gradation of MRI

abnormalities after a PRP injection in patients

with midportion Achilles tendinopathy have

also been published [43, 45]. However, another

study did not detect improvement on MRI

findings after PRP administration. In a retrospec-

tive analysis after a PRP injection for patients

with midportion Achilles tendinopathy, an

improvement on MRI was found in only one of

the six included patients [46].

One double-blind placebo-controlled trial

showed no difference in change of tendon struc-

ture, measured with standardised US, within

6 months after injecting PRP for patients with

chronic midportion Achilles tendinopathy

[47]. Interestingly, both in the patients treated

with PRP and saline, there was an initial increase

in Doppler blood-flow and a decrease afterwards,

but this change in was not significantly different

between both treatment groups. Therefore, there

is currently no evidence that the improvements

on imaging – enhanced tendon structure, reduc-

tion of hypoechoic areas and improved vascular-

ity – are induced by PRP injections. It is even

questionable whether the ultrasonographic imag-

ing modalities are useful in follow-up of patients,

since there is no association between

ultrasonographic abnormalities and patient-

reported symptoms [48–50].

Clinical Studies on the Efficacy
of Platelet-Rich Plasma

Clinical applications of PRP have become popu-

lar in the recent years. PRP injections have been

proposed in the clinical setting because of the

attributed improved tendon healing in basic sci-

ence studies, narrative reviews and intensive

marketing strategies [51, 52].

The initial clinical studies that assessed the

effects of a PRP injection did not use an adequate

control group, and even if a control group was

present, the methodological quality was poor

[8, 53, 54]. These case series all showed an

improvement over time after a PRP injection in

multiple tendinopathy locations [51, 55]. The

first double-blind randomised placebo-controlled

clinical trial in this field did not show efficacy of

a single intratendinous PRP injection in

54 patients with chronic midportion Achilles

tendinopathy [56]. After 24 weeks and also

after 52 weeks [57], there was no improvement

in pain, function and activity level compared to a

local saline injection. The PRP was not classified

in this study. Multiple randomised controlled

trials were performed on numerous tendinopathy

locations afterwards, which confirmed these

results [58–62]. Positive results in randomised

studies have also been published [63–65]. Some

of these had poor methodological quality

[66]. One high-quality study was performed on

the treatment of 100 patients with chronic

tendinopathy of the wrist extensors. These

researchers used the same cell-separating system

to obtain PRP as in the first RCT, but also in this

study the PRP was not classified. The authors

described that PRP significantly reduced pain

and increased function, when compared to a cor-

ticosteroid injection [63]. An explanation for this

finding could be the choice of the control group.

Corticosteroids are less favourable than a wait-

and-see policy on the mid and longer term

[67]. This makes it unclear as to whether the

difference observed is due to the beneficial effect
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of PRP or the detrimental effect of

corticosteroids. This stresses the need for

placebo-controlled studies. Carr et al. [68]

randomised 60 patients diagnosed with rotator

cuff tendinopathy to arthroscopic acromioplasty

alone or an additional PRP injection in the

subacromial space. Leucocyte-rich PRP with

thrombin was used in this study. There were no

significant differences in patient-reported

outcomes up to 2 years post-treatment. Further-

more, biopsies were taken at 12 weeks after

treatment. The standardised Bonar score was

not significantly different between both groups,

which implicates that PRP does not enhance tis-

sue regeneration. The number of blood vessels

and cell proliferation were significantly

decreased and markers for apoptosis were

increased in the PRP group. This suggest even a

harmful effect of PRP, although complications

after PRP injections are rare.

Multiple recent systematic reviews confirm

that clinical application of PRP is not efficacious

in symptom reduction or improvement of func-

tion in patients with tendinopathy [51, 69–

71]. Frequently mentioned causes of the above

mentioned results are the high variation in the

handling procedures, such as the centrifuge dura-

tion, frequency and method of PRP isolation and

aspiration. The preparation procedure, optimum

volume of PRP injection and PRP form (liquid,

light gel or solid gel material), location of the

injection (intratendinous or peritendinous), the

number of injections in time (single versus mul-

tiple injections), the timing of the injection (acute

or chronic phase) and the post-injection rehabili-

tation protocol (immobilisation versus mechani-

cal stimulation) are also variable in the literature

[8]. Another explanation for the absence of effi-

cacy is that the catabolic environment in degen-

erative tendons is detrimental for the PRP clot.

As mentioned previously, the potential heteroge-

neity in these variables make it extremely diffi-

cult to evaluate and interpret the clinical efficacy

of PRP. Advocators of this treatment frequently

state that the negative studies did not use a proper

PRP concentrate or adequate timing. This discus-

sion should – however – not be a license to use it

as standard treatment in the clinical setting.

Conclusion: Does Platelet-Rich Plasma
Increase Tendon Metabolism?

PRP appears to modulate some aspects of meta-

bolic activity of tendons in basic science studies,

with increased concentrations of the

angiogenetic VEGF and increased tenocyte pro-

liferation as most robust findings. Study results

are heterogeneous regarding the collagen type I

and III production, biomechanical properties,

collagen structural organisation, histologically

assessed vascular network, (anti-)inflammatory

response and systemic effects. There is currently

no evidence that PRP improves findings on imag-

ing and patient-reported symptoms. These

findings do currently not support the clinical

use of PRP.

Researchers in this field should also reflect

which treatment effect should be required in

tendinopathies. Since tendinopathy is

characterised by increased metabolic activity

(e.g. cell activity, matrix turnover and neovascu-

larisation), it is at least questionable whether the

proposed effects of PRP are desirable.
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Abstract

Shockwave treatments are commonly used in the management of tendon

injuries and there is increasing evidence for its clinical effectiveness.

There is a paucity of fundamental (in vivo) studies investigating the

biological action of shockwave therapy. Destruction of calcifications,

pain relief and mechanotransduction-initiated tissue regeneration and

remodeling of the tendon are considered to be the most important working

mechanisms. The heterogeneity of systems (focussed shockwave therapy

vs. radial pressurewave therapy), treatment protocols and study

populations, and the fact that there seem to be responders and

non-responders, continue to make it difficult to give firm

recommendations with regard to the most optimal shockwave therapy

approach. Specific knowledge with regard to the effects of shockwave

therapy in patients with metabolic tendon disorders is not available.

Further fundamental and clinical research is required to determine the

value of shockwave therapy in the management of tendinopathy.
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List of Acronyms and Abbreviations

CGRP calcitonin gene-related peptide

EFD energy flux density

EH electrohydraulic

EM electromagnetic

F-SWT focused shockwave therapy

IL interleukin

MMP matrix metalloproteases

PE piezoelectric

R-PWT radial pressure wave therapy

SWT shockwave therapy

TGF-β1 transforming growth factor β1

Introduction

Over the past 20 years, shockwave therapy

(SWT) has become a popular treatment method

for chronic tendon disorders. There is growing

evidence for the effectiveness of SWT when

treating both upper limb tendinopathies includ-

ing calcific rotator cuff tendinopathy [1, 2] and

common extensor tendinopathy [3], and lower

limb tendinopathies including greater trochan-

teric pain syndrome, patellar tendinopathy,

Achilles tendinopathy and plantar fasciopathy

[3–5]. No studies have been published that

investigated the effects of SWT in specific

subgroups of patients with metabolic tendon

disorders.

Results of the SWT seem to vary between

studies. This can be partly explained by the

diversity of shockwave devices being used,

which generate pressure waves differently.

Many parameters can influence treatment out-

come (Table 26.1) and there is no consensus on

the most effective SWT treatment protocols [6].

Furthermore, the exact working mechanism of

shockwaves on (pathologic) tendons has not been

elucidated so far. There even seem to be

responders and non-responders to shockwave

treatment, based on different biological reactions

to treatment between individuals [7], which may

help to explain why shockwave treatment does

not improve symptoms in all patients. These

observations highlight the requirement to inves-

tigate the effects of different shockwave treat-

ment dosage protocols as well as devices in

different populations including patients with

metabolic disease.

This chapter aims to provide insight in to the

principles underpinning SWT and to give an

update on its effect on pain and tendon

metabolism.

Principles of Shockwave Therapy

Nowadays two types of ‘shockwave’ therapy are

being used: focused shockwave therapy

(F-SWT) and radial pressure wave therapy

(R-PWT)

Table 26.1 Parameters which can influence ‘shockwave’ treatment outcome

Treatment parameter Description

F-SWT or R-PWT See Table 26.1, Figs. 26.1 and 26.2

Maximal positive pressure The maximal positive pressure that is reached

Focal zone (only with F-SWT) A 3- dimensional ellipsoid where the pressure is above a certain value

Energy flux density The amount of energy per surface unit (mJ/mm2)

Number of treatments

Number of impulses per treatment Energy flux * number of impulses

Total energy delivered

Time interval between treatments

Impulse frequency The number shockwaves that is applied per second

Localization method How the to-be-treated site is determined (imaging based vs feedback patient)

Anesthesia

Concurrent treatments/Rest
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Focused Shockwave Therapy

F-SWT is called focused because a shockwave is

generated that converges in the adjustable focus

at selected depth in the body tissues, where the

maximal pressure is reached. A shockwave is a

special, non-linear type of pressure wave with

positive peak pressures of 10–100 MPa,

characterized by a short rise time and a short

negative pressure phase causing cavitation at

the tissue interfaces (Fig. 26.1; Table 26.2). The

total duration of a shockwave is around 10 μs.
There are three methods to generate focused

shockwaves for F-SWT: electrohydraulic (EH),

electromagnetic (EM) and piezoelectric (PE).

Depending on the device the shockwaves are

concentrated into small focal areas of 2–8 mm

in diameter in order to optimize therapeutic

effects and minimize impact on other tissues.

Shockwave dosage is described as the energy

flux density, (EFD, in mJ/mm2), a term used to

reflect the flow of shockwave energy in an area

perpendicular to the direction of propagation.

This concentrated shockwave energy per focal

area is considered to be an important treatment

parameter [3, 6, 8, 9]. Shockwave treatment is

broadly divided in high (EFD > 0.12 mJ/mm2)

and low (EFD � 0.12 mJ/mm2) energy delivery.

Low energy SWT is considered to stimulate cell

regeneration and to play a role in pain therapy.

High energy SWT could be applied in case of

calcific tendinopathy. However, no consensus

exists with regard to these high and low energy

definitions and its applications.

Radial Pressure Wave Therapy

Another popular form of treatment for

tendinopathies, often mistakenly described as

‘radial shock wave therapy’, is ‘radial pressure

wave therapy’ (R-PWT). Radial pressure waves

are generated in a ballistic way by accelerating a

projectile, using compressed air, through a tube

on the end of which an applicator is placed. The

projectile hits the applicator and the applicator

Fig. 26.1 Schematic illustration of shockwave characteristic and Focussed Shockwave Therapy

Table 26.2 Differences between shockwaves and pres-

sure waves

Shockwaves Pressure waves

Focus Yes No, radial/

divergent

Propagation Non-linear Linear

Risetime �10 ns �1000 ns

Pulse duration 0.2–0.5 μs 0.2–0.5 ms

Peak positive
pressure

10–100 MPa 0–10 MPa

100–1000 bar 0–100 bar

Energy flux density 0–3 mJ/mm2 0–0.3 mJ/mm2

Penetration depth Deep Superficial

(<1 cm)
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transmits the generated pressure wave into the

body. These pressure waves are not real

shockwaves since they have a lower peak pres-

sure, longer rising time and lack non-linearity

(Fig. 26.2; Table 26.2). The term radial refers to

the diverging pressure field of radial pressure

therapy devices, which has a maximal pressure

at the source of generation, not at a selected

depth in the body. It has been demonstrated that

radial pressure waves do not have a penetrating

effect on tissue, but rather act superficially [6, 8,

10].

F-SWT vs R-PWT

The wave characteristics that are important for

generating the therapeutic effects of F-SWT

and R-PWT are unclear, therefore it is difficult

to relate the physical differences between

focused shockwaves and radial pressure waves

to their clinical effectiveness. It is even possi-

ble that these two methods may have different

mechanistic underpinnings. Only two studies

which directly compared the clinical effective-

ness of F-SWT and R-PWT have been

performed. In both studies, one in patellar

tendinopathy and one in plantar fasciitis, no

major clinically relevant differences between

the aforementioned treatment methods were

found [11, 12].

Working Mechanisms of Shockwave
Therapy

Research into the working mechanisms of

‘shockwave therapy’ has been concentrated on

a few theories, which can be roughly divided in

to the destruction of calcifications, pain relief

and tissue regeneration. Until now most funda-

mental research on ‘shockwave therapy’ for

tendinopathy has mainly been done in animal

studies using F-SWT devices.

Destruction of Calcifications

In lithotripsy, shockwaves are commonly used to

destroy kidney stones. There is evidence to sug-

gest that shockwaves also destroy calcifications

in tendons. Clinical studies have demonstrated

disintegration of calcifications in shoulder

tendinopathy after application of high energy

F-SWT [2]. The mechanism of calcium deposit

dissolution is not clearly known. Calcium

Fig. 26.2 Schematic illustration of pressurewave characteristic and Radial Pressurewave Therapy
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deposits might be eliminated after shockwave

therapy through a molecular mechanism of

absorption associated with improved circulation

at the tendon-bone junction [13].

Pain Relief

Pain relief with shockwave therapy might work

by means of ‘hyperstimulation analgesia’.

Rompe hypothesized that overstimulation of the

treated site would lead to a diminished transmis-

sion of signals to the brainstem [14]. Wess [15]

described a hypothetical model that painful

shockwaves might ‘reset’ the pain memory in

the brain, which is interesting since it has

recently been demonstrated that central sensiti-

zation plays a role in a subgroup of patients with

chronic tendon related pain [16]. In the past

decade, some molecular and cellular

mechanisms have also been studied to investigate

how shockwaves might mediate their pain-

relieving action. Maier et al. [17] found Sub-

stance P and prostaglandin E2 were released

after shockwave application to the rabbit femur.

In other animal studies, shockwave application to

either the distal rabbit femur or rat skin dimin-

ished the number of neurons immunoreactive for

substance P and decreased calcitonin gene-

related peptide (CGRP) immunoreactivity in

dorsal root ganglion neurons in dorsal root

ganglia [18, 19]. Hausdorf reported selective

loss of unmyelinated nerve fibers after extracor-

poreal shockwave application to the musculo-

skeletal system [20]. Since neurogenic

inflammation is considered to play an important

role in the pathogenesis of tendinopathy, it is

possible that a reduction of substance P in the

target tissue in conjunction with reduced synthe-

sis of this molecule in dorsal root ganglia cells

explains the shockwave mediated long-term

analgesia. Selective destruction of unmyelinated

nerve fibers within the focal zone of the shock

waves might also further contribute to this anal-

gesia (see Chap. 5) [21].

Tissue Regeneration

The mechanical perturbations generated by

shockwaves are likely the most important factor

to explain its treatment effect. This fits within the

framework of mechanotransduction [22], in

which mechanical load on the cytoskeleton

leads to responses of the mechanosensitive ten-

don cells initiating a process of tendon

remodeling and repair.

In vitro studies have demonstrated that

shockwaves enhance angiogenesis [23, 24],

increase the synthesis of key tendon components

(e.g. collagen,[25]); glycosaminoglycans &

extracellular matrix proteins, [26, 27], and

growth factors (transforming growth factor

(TGF)-β1, [23]), and decrease the presence of

inflammatory cytokines [28].

However, surprisingly little is known about

the biological effect of shockwaves on tendon

tissue in vivo. In a recent study, Waugh

et al. [29] investigated the metabolic response

of normal and tendinopathic tendons to

shockwave treatment. Using microdialysis

samples from the surrounding peri-tendon, sev-

eral cytokines, growth factors and proteases were

examined before and immediately after a single

shockwave session. Interleukins (IL)-1β and IL-2
were detected but did not change significantly

with SWT whilst IL-6 and IL-8 concentrations

were elevated after shockwave treatment. Matrix

metalloproteases (MMP)-2 and -9, enzymes

involved in the remodeling of extra-cellular

matrix, also increased after shockwave treat-

ment. These findings suggest that shockwave

treatment might aid tendon remodeling in

tendinopathy by promoting the inflammatory

and catabolic processes that are associated with

removing damaged extra-cellular matrix

components. Mani-Babu et al. [30] found that

collagen synthesis was not altered in healthy

Achilles tendons 72 h after a single shockwave

session, however these findings are limited in

their clinical application. A bigger effort is

required to determine the response profile and

26 Can Shockwave Therapy Improve Tendon Metabolism? 279

http://dx.doi.org/10.1007/978-3-319-33943-6_5


time course of other biological indicators of

matrix turnover and tendon regeneration in

tendinopathy to build upon the findings of

Waugh et al. [29].

Conclusion

Shockwave treatments are commonly used in

the management of tendon injuries and there is

increasing evidence for its clinical effective-

ness. Specific knowledge with regard to the

effects of SWT in patients with metabolic ten-

don disorders is not available. There is also a

paucity of fundamental (in vivo) studies

investigating the biological action of SWT.

Destruction of calcifications, pain relief and

mechanotransduction-initiated tissue regenera-

tion and remodeling of the tendon are consid-

ered to be the most important working

mechanisms. The – in previous studies reported

– heterogeneity of systems (F-SWT vs. -

R-PWT), treatment protocols and study

populations, and the fact that there seem to be

responders and non-responders, continue to

make it difficult to give firm recommendations

with regard to the most optimal SWT approach.

Further research is required to determine the

value of SWT in the management of

tendinopathy. This research should consist of

a combination of fundamental and clinical stud-

ies. Studies with clear descriptions of study

populations, diagnostic criteria and treatment

parameters and concurrent rehabilitation

programs / tendon loading activities are neces-

sary to advance research for this promising

treatment modality.

Glossary

Energy flux density, (EFD, in mJ/mm2) a term

used to reflect the flow of shockwave energy

in an area perpendicular to the direction of

propagation. Shockwave dosage is broadly

divided in high (EFD > 0.12 mJ/mm2) and

low (EFD � 0.12 mJ/mm2) energy delivery.
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Do Dietary Factors Influence Tendon
Metabolism? 27
Alex Scott and Cara Nordin

Abstract

There is very little direct research to conclusively prove the relevance of

diet in primary tendinopathies, however it seems prudent to ask whether

our current knowledge about the impact of nutrition on collagen metabo-

lism could be useful in assessing, preventing, or treating tendinopathy.

The objective of this chapter is to discuss the potential impact (negative or

positive) that nutrition may have on the metabolism of tendons by

summarizing the related research. The chapter briefly discusses the roles

that specific vitamins, amino acids, lipids, and antioxidants have in vari-

ous processes of the body that may be directly or indirectly related to

tenocyte metabolism.
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Introduction

Based on recent research into the pathophysiol-

ogy of tendon, a multi-factorial approach to

understanding the etiology of different

tendinopathies has emerged [1]. As in OA, two

interacting categories of risk factors may contrib-

ute to a chronic tendon problem – biomechanical

factors (volume, intensity, and quality of move-

ment) and biological factors (sex, age, genetics,

lifestyle factors, etc). In addition to these risk

factors which are associated with primary
tendinopathy, some cases of tendinopathy may

be considered secondary (i.e. occurring mainly

due to the presence of another medical condition

– Table 27.1) [1].

Diet is relevant to the etiology and manage-

ment of several conditions listed above that are

associated with secondary tendinopathies. For

example, excessive dietary intake of lipids and

carbohydrates can lead to dyslipidemia and dia-

betes, respectively, and the impact of these

conditions on tendons is discussed specifically

in Chaps. 14 and 16. However, one might also

ask to what extent an individual’s diet may con-

tribute to the development of primary

tendinopathy (in the absence of other diagnosed

conditions). One could hypothesize that a

tendinopathy might develop in part through die-

tary impairment of tenocyte metabolism leading

to reduced structure/function of the load-bearing

tissue. Alternatively, a diet which either helps or

hinders tendon healing (e.g. by influencing

inflammation-repair responses) could influence

the development and the prognosis of

tendinopathy.

There is, unfortunately, very little direct evi-

dence which can conclusively prove the

relevance of nutrition in a typical patient

presenting with a primary tendinopathy. How-

ever, given that (a) tendon is mainly composed

of type I collagen [2], and (b) it has been

suggested that ongoing synthesis of collagen is

required to maintain a healthy extracellular

matrix [3], it nevertheless seems prudent to ask

whether our current knowledge about the impact

of nutrition on collagen metabolism could be

useful in assessing, preventing, or treating

tendinopathy. This appears to be an area ripe

for future research. Additionally, whereas type I

collagen is relatively long-lived in the extracel-

lular matrix, glycosaminoglycans – important for

tendon hydration, regulation of collagen fibril

assembly, and inter-fascicular gliding –are

shorter-lived and could therefore be influenced

quite rapidly by changes in diet.

The objective of this short chapter is to briefly

discuss the potential impact that nutrition may

have on extracellular matrix metabolism in

tendons. Hopefully, readers with an interest in

these issues may be inspired to begin conducting

research to fill some of the knowledge gaps.

Obviously, a major limitation of this chapter is

that many of the experiments discussed have

been conducted on cultured fibroblasts or animal

models, as opposed to direct studies of human

tenoctyes in vivo.

Nutrition and Tendons

Having a basic knowledge of nutrition is impor-

tant for clinicians, because nutrition is vital for

growth and development, and for the prevention

and treatment of disease [4]. Nutrients fall into

three main categories – macronutrients,

Table 27.1 Common locations associated with secondary tendinopathies [1] (With permission of JOSPT#)

Site of tendon

affected Examples of medical conditions

Mid portion Dyslipidemias, Rheumatoid disease, tumours, infections, storage diseases, gout, pseudogout,

heritable connective tissue diseases, haemachromatosis, endocrinopathies (including thyroid

disease, cushings, hypogonadism, menopause), metabolic diseases including diabetes,

hypercalcaemia

Enthesis Psoriasis, gout, pseudogout, spondyloarthropathies, inflammatory bowel disease

Tendon sheath Rheumatoid arthritis, infections, tumours
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micronutrients and water [5]. Macronutrients,

consisting of carbohydrates, proteins and lipids,

are dietary substances which the body requires in

large and regular quantities [5]. Carbohydrates

are a major source of energy, of which the largest

part is used to fuel muscle and brain tissue

[6]. Protein is essential for building and repairing

muscles, red blood cells and other tissues as well

as for synthesizing hormones [6]. Dietary protein

is broken down into amino acids, which are then

utilized according to specific requirements

[6]. Lipids are a rich source of stored energy

[6]. Vitamins and minerals are considered

micronutrients, and they are required in lesser

amounts [5]. Vitamins act as metabolic catalysts

that regulate chemical reactions in the body –

e.g. see discussion of Vitamin C below

[6]. Minerals are used to form structures of the

body as well as help regulate body processes –

e.g. matrix metallo-proteinases are zinc-

dependent enzymes which play key roles in ten-

don metabolism and healing [6]. Many

micronutrients, known as essential nutrients,

cannot be made by the body therefore they need

to be ingested through food or dietary

supplementation.

Tenocytes, specialized fibroblasts, are the

characteristic cell in tendons responsible for the

secretion and maintenance of the extra-cellular

matrix [7]. Tendons are composed primarily of

collagen molecules, proteoglycans and

glycosaminoglycans [7]. Glycosaminoglycans

are responsible for the viscoelastic behavior of

tendons, whereas collagen fibers act primarily to

resist tension (or compression, at entheses or

areas of tendon exposed to shear, such as wrap-

around or other compressed areas) [7]. Type I

fibril-forming collagen makes up 75 % of a

tendon’s dry mass and smaller amounts of

other types of collagen (II, III, V, XII, XIV)

also contribute to this composition [8]. Regula-

tion of the production of collagen and

glycosaminoglycans occurs through secreted

growth factors (IGF-I, TGF-beta, FGF2, etc)

and transcription factors (e.g. scleraxis, which

promotes COL1A1 expression) [8]. Following

gene expression, the messenger RNA (mRNA)

brings the information from the nucleus to the

ribosomes, located in the cytoplasm, to be

synthesized into polypeptide precursors of the

alpha chains (known as preprocollagen)

[9]. The N-terminus of each preprocollagen

contains a sequence of amino acids that directs

it to the rough endoplasmic reticulum (rER)

[9, 10]. While in the rER, a signal peptidase

cleaves the signal sequence (N-terminus) to

yield a precursor of collagen called the

pro-alpha chain [9]. Within the lumen of the

rER the proline and lysine residues of the

pro-alpha chain are hydroxylated by prolyl- and

lysyl- hydroxylases to form hydroxyproline and

hydroxylysine, respectively [9]. Cofactors for

prolylhydroxylase include ascorbic acid, ferrous

ions, alpha-ketoglutarate, and oxygen therefore

if these are not present in adequate amounts the

enzymeis rendered nonfunctional [10]. The

newly formed hydroxylysine residues are

modified by glycosylation with galactose or

galactosyl-glucose which are catalyzed by galac-

tosyl and glucosyl transferases. These enzymes

require manganese as a cofactor [11].

The procollagen that was formed by hydrox-

ylation and glycosylation, now self assembles in

order to form a triple helix and be prepared for

secretion. Once the triple helix is formed, no

further hydroxylation or glycosylation can take

place and the procollagen molecules are

translocated to the Golgi apparatus to be pack-

aged into secretory vesicles and released into

the extracellular space [9]. At the N- and

C-terminus of the procollagen, extension

peptides are cleaved off by extracellular

enzymes – procollagen aminoproteinase and

procollagen carboxyproteinase – resulting in

the formation of collagen molecules [9]. These

molecules, containing approximately 1000

amino acids per chain, now begin to spontane-

ously assemble into collagen fibers. The fibers

are further stabilized by covalent cross-links

within and between the triple helix units

through the action of lysyl oxidase, a copper-

dependent enzyme [9, 10]. Through lysine and

hydroxylysine, this enzyme yields reactive alde-

hyde, which forms the stable covalent cross-

links important for the tensile strength of fibers

[9, 10].
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Considering the many steps – both enzymatic

and non-enzymatic – that are involved in colla-

gen synthesis, errors or deficiencies can occur at

multiple points throughout the process, and these

could ultimately affect the quality and tensile

strength of the resulting collagen molecules.

The remaining paragraphs discuss how certain

nutritional factors could influence the synthesis

of collagen in tendons.

Vitamins

Vitamins act as catalysts of biochemical

reactions [6]. Most vitamins are not produced

by the human body, therefore they need to be

ingested. Current research suggests that vitamins

C and D may influence the metabolism and/or

structure of tendons.

Vitamin C
Deficiency of vitamin C (ascorbic acid) is not

common in the general population of developed

countries, but it does present in individuals with

poor nutrition or impaired digestion, e.g. patients

who are alcoholic, critically ill, undergoing che-

motherapy, etc. Advanced cases of Vitamin C

deficiency can lead to scurvy, hemarthrosis,

synovitis, and arthralgia. Ascorbic acid is

known both for its role as an antioxidant and as

a cofactor in the hydroxylation of proline and

lysine to hydroxyproline and hydroxylysine

needed for the synthesis of collagen [5]. This

suggests that a deficiency would lead to a

decrease in collagen synthesis in the musculo-

skeletal tissues, and clinical findings have

supported this mechanism in patients with rheu-

matologic manifestations [12]. A study on guinea

pigs found that vitamin C deficiency reduced

collagen synthesis in bone, cartilage and tendon

[13]. However, a recent survey of rheumatologi-

cal manifestations in people with Vitamin C defi-

ciency made no mention of tendon problems – it

predominantly appears to affect more

vascularized tissues such as gingiva, skin,

synovium/joint and muscle [12].

Vitamin C is a potent inducer of collagen

synthesis in tendon cells [14]. Following tendon

injury, when collagen synthesis is maximal, vita-

min C requirements to achieve optimal healing

may be higher than the levels typically experi-

enced by tenocytes [15]. Repeated injections of

150 mg of Vitamin C to injured rat tendons

resulted in accelerated healing compared to

controls [16].

Vitamin D
Vitamin D is also known to have a direct impact

on collagen synthesis by tendon fibroblasts. The

addition of Vitamin D3 and D2 metabolites to

human-derived tendon fibroblasts revealed a

dose-responsive, anabolic effect, with progres-

sive increases in mRNA levels of type I collagen

[17]. In these same experiments, vitamin D also

reduced the levels of intracellular reactive oxy-

gen species. These findings led the authors to

suggest that vitamin D has a beneficial effect on

tendon, and that vitamin D deficiency may have a

negative effect on tendons by limiting type I

collagen synthesis and increasing their exposure

to reactive oxygen species.

Vitamin D also appears to regulate

inflammation-repair mechanisms. In other closely

related cell types (skin-derived fibroblasts), vita-

minD has also been shown to limitMMP1 expres-

sion levels [18], an effect that would tend to

increase tissue levels of type 1 collagen. Vitamin

D3 was found to reduce the induction of PGE2 in

IL1-treated synovial fibroblasts [19] (in other

words, to have an anti-inflammatory effect). This

anti-inflammatory effect has also been observed

in ligament fibroblasts [20]. In ligament

fibroblasts, vitamin D also inhibited osteoblastic

differentiation and calcification [21]. Given that

calcification can be a negative sequelae of tendon

injury, this effect could be beneficial if it is found

to extend to tendons.

Vitamin D deficiency resulted in impaired

rotator cuff healing in a rat model [22] (reduced

dietary vitamin D and restricted UV light). In one

case series, over 80 % of subjects undergoing

rotator cuff repair were deficient in vitamin D,

but there was no correlation between serum vita-

min D levels and the size or severity of the tear,

or the extent of fatty infiltration in the rotator cuff

muscles.
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Overall, the impact of vitamin D on collagen-

rich tissues such as tendon could be potentially

beneficial, particularly after injury, but clinical

studies are lacking.

Amino Acids

Amino acids are the building block for proteins

throughout the body [6]. Leucine is an amino

acid for which there is a demonstrated relation

to collagen synthesis. It is an essential amino acid

that requires a dietary source. In one study,

experimenters placed malnourished rats on either

a control diet or a leucine-rich diet. Within each

dietary grouping, some rats were allowed to exer-

cise and the remainder were sedentary [23]. The

main finding of this study was that the leucine-

rich diet stimulated collagen synthesis in the

tendon more than a standard diet, especially

when combined with exercise [23]. Leucine

increased the amount of hydroxyproline [23],

which is a major component of collagen, and it

also plays a key role in the stability of the colla-

gen fibres. The amino acid glycine has been

demonstrated to have a direct effect on an

inflamed Achilles tendon in rats. One study

found that a diet containing 5 % glycine induced

the synthesis of hydroxyproline and glycosami-

noglycans, allowing for a faster restructuring of

the collagen molecules [24]. This resulted in the

tendon being more resistant to rupture, offering

preliminary support for the hypothesis that die-

tary supplementation with glycine could be

effective for individuals with injury of the Achil-

les tendon [24].

As discussed earlier, lysine, proline, and cys-

teine are other amino acids that are important

factors in the synthesis of collagen. Lysine is

considered essential and can be sourced through

high-protein foods like meat, eggs, beans, etc or

supplementation. Proline and cysteine are

non-essential. A recent randomized control trial

found that elderly men with sarcopenia who

received collagen peptide supplementation in

addition to a 12-week exercise program

demonstrated a higher increase in muscle

strength compared to individuals in the control

group who did not use supplements

[25]. Although not the purpose of the study, the

difference in tendon composition of the two

groups would be interesting to observe due to

the inclusion of lysine, proline, leucine, hydroxy-

proline and hydroxylysine in the

supplementation.

Lipids

Lipids are an important source of stored energy,

however excessive intake of saturated fat can

lead to hypercholesterolemia [6]. Most

circulating cholesterol is encapsulated and

transported by LDL (low density lipoprotein);

the oxidized form of LDL (oxLDL) is known to

be highly pathogenic. Recent studies have found

that a diet rich in saturated fat causes significant

tendon metabolic and structural alterations in

mice [26]. The structural changes were

accompanied by an increased matrix

metalloproteinase-2 (MMP2) expression and

accumulation of oxidized low-density protein

(oxLDL) in the load-bearing extracellular

matrix, and reduced biomechanical properties

[26]. It appears that oxLDL caused tenocytes to

adopt a proliferative degradative phenotype with

reduced COL1A1 and COL3A1 (genes for colla-

gen I and collagen III) as well as increased

MMP2 expression.

The Potential Benefit of Anti-Oxidants
on Tendon

Research on antioxidants has increased over the

years due to its potential benefit in disease pre-

vention and health promotion by neutralizing

free radicals and limiting excessive accumulation

of reactive oxygen species (ROS) in the body.

ROS are produced during cellular metabolism

and functional activities and have important

roles in cell signaling, apoptosis, gene expression

and ion transportation [27]. Although useful in

adequate amounts, excessive ROS can damage

DNA, RNA, proteins and lipids by inhibiting

enzymes, damaging nucleic acids, oxidizing
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proteins, peroxidating lipids and ultimately lead-

ing to cell death [27]. Many environmental

factors (UV light, pollution, cigarette smoke)

are known to also cause increased ROS. Natural

sources of antioxidants are available in fruits

(grapes, berries), vegetables (dark greens), spices

(ginger, curcumin), grains (whole grains), herbs

(rosemary, oregano), and tea (green tea) [27].

The specific effect that ROS has on tendons

has not been widely studied, however other type I

collagen-rich areas of the body like the skin, may

provide some clues. Evidence has been growing

to support antioxidant dietary supplementation in

reducing oxidative stress and free radical forma-

tion, thereby assisting in slowing the process of

skin damage [28]. One study determined that

green tea extract (GTE) appeared to delay colla-

gen aging in adult mice due to its antioxidant

capabilities; similar effects were also found

with the combination of vitamin C and E

[29]. Although limited, there is evidence to sug-

gest that high concentrations of free-radical

oxidants may be involved in tendon pathology

[30]. One trial investigated the efficacy of poly-

unsaturated fatty acids and antioxidants on

tendinopathies, with the findings supporting the

use of dietary supplementation in its

management [30].

Conclusion

Based on the discussions above there are many

potential avenues by which nutrition could

impact positively or negatively on tendons. Vita-

min C could be a major contributor to prevention

of tendinopathy and promotion of healing, due to

its role as a cofactor in the hydroxylation process

and as an antioxidant. Vitamin D has been shown

to increase mRNA levels of type I collagen,

increase tissue levels of type 1 collagen by limit-

ing MMP1 expression levels and inhibit osteo-

blastic differentiation and calcification in

ligament fibroblasts. Deficiency of vitamin D

may also have a negative effect on tendons by

limiting type 1 collagen synthesis and increasing

exposure to ROS. Diets enriched leucine and

glycine demonstrated positive effects on

collagen synthesis in the tendons of rats and

humans, respectively. Lysine is another amino

acid that plays a major role in collagen synthesis,

and because it is not made in the body it must be

obtained through nutritional sources. A diet rich

in saturated fat causes significant tendon meta-

bolic and structural alterations in mice. Free-

radical oxidants have demonstrated deleterious

effects on type 1 collagen in the skin and may

have similar effects on tendons, however there is

apparently only one trial to date which supports

this approach [30].

Knowledge Gaps

There are very few studies that address the

impact of nutritional deficiency, or supplementa-

tion, on human tendon structure/function, risk of

tendinopathy, or the prognosis of acute injury or

chronic tendon pain. There is also a paucity of

studies on the potential impact of zinc (co-factor

for MMPs), manganese (cofactor for collagen

glycosylation), iron (prolylhydroxylase), or cop-

per (lysyl oxidase). In addition, as more research

is performed in this area, it would be interesting

to understand the time course (weeks? months?

years?) over which nutritional factors may

impact on the structure or function of tendons.

Currently, it is not possible to make any specific

evidence-based dietary recommendations for

treating or preventing tendon injuries, other

than to follow evidence-based guidelines to pro-

mote general health [31].
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Disorders
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Paul W. Ackermann and David A. Hart

Abstract

Painful and non-healing musculoskeletal disorders, eg. tendinopathy, pose

a tremendous burden on society and the quality of life for patients. New

advances in the understanding of connective tissue disorders such as

tendinopathy reveal that common health problems such as obesity, ath-

erosclerosis, hormonal dysfunctions and diabetes mellitus are closely

linked to the metabolism of components of the musculoskeletal system,

particularly tendons. As tendons function as multi-component “organ

systems” (Muscle-TMJ-Tendon-Enthesis to Bone), tendons can be

influenced directly, or indirectly via, for instance, alterations to muscle.

However, this volume/set of chapters focus mainly on the tendon.

Emerging findings in musculoskeletal research have established impor-

tant new links in our understanding of tendon metabolism. Thereby, the

function of the neuroendocrine/-immune axis, as well as supply of neuro-

vascular factors, can be directly linked to the quality of tendon

metabolism.

Since some conditions, eg. atherosclerosis and diabetes mellitus, are

more common in individuals as they age, and aging can also affect pain

and tissue repair, convergence of such complications will potentially exert

an increasingly significant impact on tendons as the demographics of

many societies change with expanding percentages of the populations

>60–65 years of age.

Comorbidities related to metabolic dysfunction have to be identified

early in patients with musculoskeletal disorders, such as acute tendon
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injuries or chronic tendinopathy, for therapeutic considerations regarding

both operative and non-operative treatment protocols. Necessary

interactions between researchers and clinicians with different

subspecialties have to be initiated in order to optimize tissue metabolism

for improved healing potentials.

Keywords

Metabolism • Neuroendocrine • Healing • Neuropathy • Vasculopathy •

Diabetes mellitus • Tendon disorders

Introduction

Musculoskeletal conditions affect more than 1.7

billion people worldwide and are the second

greatest cause of disability, and as such have

the 4th greatest impact on the overall health of

the world population.

Work-related musculoskeletal disorders

(MSDs) in the US are estimated at $20 billion a

year in direct costs, and up to five times more in

indirect costs for MSD-related workers’ compen-

sation. In addition, there is the substantial toll on

affected workers who develop significant

difficulties in performing simple upper extremity

tasks, according to US Occupational Safety and

Health Administration (OSHA 2014).

However, when it comes to current available

treatment alternatives for chronic MSD, such as

tendinopathy, there is a lack of proven efficient

therapies partly due to poor understanding of the

mechanisms leading to the development and pro-

gression of connective tissue disorders. The pur-

pose of this integration chapter is to summarize

some of the emerging new knowledge on how

metabolic disturbances and associated disorders

can influence tendon connective tissue

homeostasis.

Our aim is to address how this new integrative

knowledge will lead to novel therapeutic

approaches targeting underlying metabolic

deficits, and result in optimized connective tissue

healing and reductions in the chronic pain of

these conditions. MSD, especially with regard

to tendons, will have an expanding significant

impact on our society considering our more

active lifestyles during aging, as well as the det-

rimental effects of aging on tendon connective

tissue homeostasis (see Chap. 24).

The emerging knowledge in this book, and

integrated in this chapter, is essential for all

clinicians, researchers and those interested in

musculoskeletal disorders. To advance the care

of people with unmet needs, we must collaborate

on all levels to address the underlying tissue

pathophysiology in a targeted manner.

Basic Tendon Biology and Anatomy

Tendon anatomy and structure are optimized to

fulfil their functional role in differing

environments, with highly aligned and abundant

collagen fibers providing the highest tensile

strength required for efficient force transfer.

However, in order to fully understand tendon

structural relationships, the specific functional

roles of each component of the tendon matrix

must be determined (see Chap. 1). Presently,

little is still known about the metabolically very

active sheaths around the tendon, which work in

concert with the tendons to provide targeted glid-

ing, and the interfascicular matrix.

Although the metabolic activity of the tendon

is generally low as compared to other tissues, the

major metabolic regulatory factor is mechanical

loading. Subsequent to loading or unloading,

mechanotransduction and molecular anabolic/

catabolic signalling result in tissue adaptations

in the tendon, which particularly during youth

and adolescence (growth and maturation),
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produce tendon size adjustments (see Chap. 2).

Adaptive responses may vary in different tendon

compartments or environments, and still more

knowledge is needed regarding loading

responses in the tendon and in surrounding

structures.

Tendons, like nearly all other connective

tissues, subscribe to the “use it or lose it” para-

digm. Thus, tendons require consistent loading to

maintain their functioning set point. Unlike

ligaments that are passive structures, tendons

are active connective tissues, which in many

environments, work near their mechanical limit

and thus are perhaps exposed to higher risks for

damage (see Chaps. 1 and 2). Such risks can lead

to compromised function, pain, and impaired

repair mechanisms when impacted by metabolic

derangements such as discussed in specific

chapters. That is, metabolic disorders can exac-

erbate risk for tendon compromise and develop-

ment and progression of certain types of MSD.

The impact of metabolic disorders can be on the

actual tendon proper, or even at the level of

tendon regulatory elements (e.g. nerves and

blood supply).

Innervation and blood supply of intact healthy

tendons are localized in the surrounding

interfascicular matrix of the tendon proper, i.e.

paratenon, endotenon and epitenon, whereas the

tendon proper is practically devoid of a neuronal

supply. This anatomical finding reflects that ten-

don metabolism is primarily regulated from the

tendon envelope or surrounding tissues (see

Chaps. 4 and 5). In tendon healing and

tendinopathy, however, extensive blood vessel

and nerve ingrowth occur into the tendon proper,

followed by a time-dependent expression of dif-

ferent neuronal mediators. The integrated action

of the neuro-vascular system in tendon metabo-

lism is an emerging research field, which may

provide both molecular and clinical targets for

future therapies. Given this scenario, disruption

of tendon regulation via the “envelope” or the

tendon proper by metabolic disorders could dra-

matically impact tendon function and develop-

ment of symptoms such as pain via

neuropeptides and sensory nerves.

Specific recent knowledge demonstrates how

neuronal factors, such as substance P can recruit

tendon stem/progenitor cells (TSCs) to sites of

repair or tendinopathy. The discovery of tendon

TSCs in itself is a remarkable advancement in the

tendon research field (see Chap. 6). TSCs play a

critical role in tendon physiology and metabo-

lism as well as pathology such as tendinopathy.

Additionally, TSCs could potentially be used for

tendon tissue engineering in vitro, and serve as a

promising source of cell-based therapies.

To better elucidate the role of TSCs, as a

potential source for enhancing tendon regenera-

tion and to engineer new tendon, tenogenic dif-

ferentiation and neotissue formation has to be

better understood. Thus, the structure-property

relationships of embryonic tendon as well as

tendon progenitor cell function during develop-

ment has been studied in detail (see Chap. 6). The

potential to guide tenogenic differentiation of

adult mesenchymal stem cells with factors that

play integral roles in tenogenic differentiation of

embryonic tendon progenitor cells during normal

development has been demonstrated.

Further studies are also needed to better eluci-

date the role of TSCs, as a potential source for

enhancing endogenous repair. Emerging knowl-

edge has shed light on fundamental tenocyte

signalling pathways (see Chap. 7). Future work

must also reveal pathways that can be

manipulated to prevent matrix degradation, and

even support functional matrix replacement with

the use of TSCs to promote proper tendon metab-

olism (see Chap. 8).

Tendon Disorders Associated
with Metabolism and Metabolic
Disorders

Still today, there is a big gap in our knowledge of

how basic research translates into the clinical

settings dealing with lifestyle diseases, e.g.

hypercholesterolemia, affecting tendon metabo-

lism. If we aim to “solve” the riddle of musculo-

skeletal disorders, especially tendon problems,

we need first to understand via which pathways

28 General Overview and Summary of Concepts Regarding Tendon Disease Topics. . . 295

http://dx.doi.org/10.1007/978-3-319-33943-6_2
http://dx.doi.org/10.1007/978-3-319-33943-6_1
http://dx.doi.org/10.1007/978-3-319-33943-6_2
http://dx.doi.org/10.1007/978-3-319-33943-6_4
http://dx.doi.org/10.1007/978-3-319-33943-6_5
http://dx.doi.org/10.1007/978-3-319-33943-6_6
http://dx.doi.org/10.1007/978-3-319-33943-6_6
http://dx.doi.org/10.1007/978-3-319-33943-6_7
http://dx.doi.org/10.1007/978-3-319-33943-6_8


lifestyle affects tendon metabolism in order to

develop targeted means to address the connective

tissue pathophysiology on a molecular level.

Let us start to look at genetic disorders by

which small genetic variations in many

individuals contribute to an increased suscepti-

bility of sustaining a tendon injury. The future is

already out there, online, with genetic testing,

although the clinical knowledge and implications

are sparse. To date, 18 genetic intervals and

32 polymorphisms have been associated with

risk of tendon pathologies, which relate to colla-

gen isoforms and variants of structural matrix

homeostasis (see Chap. 9). However, these

associations cannot be viewed independently

and have in the future to be verified by other

scientific approaches.

Other genetic disorders involve defects in

genes that code for enzymes involved in meta-

bolic pathways (see Chap. 10). The most well-

known diseases are familial hypercholesterol-

emia leading to tendon xanthomas, alkaptonuria

resulting in acid accumulation, whereby

tendons get a typical ochre/yellow pigmentation

(ochronosis), with ensuing inflammation, calci-

fication and rupture, and hypophosphatasia

associated with tendon deposition of hydroxy-

apatite crystals. However, there are likely many

more subclinical diseases that may never get

diagnosed, but which may provide an increased

susceptibility or risk to develop subsequent ten-

don disorders.

One such important metabolic condition,

which may not be readily diagnosed, but

cause repeated tendon problems, is hyperurice-

mia (see Chap. 11). Hyperuricemia and

monosodium urate crystal deposition can chal-

lenge tendon homeostasis because of their

potential to induce inflammation in the host.

Today, there is little information available

regarding hyperuricemia-mediated adjuvancity

in tendinopathy. More knowledge about the

interactions of eg. urate with both innate

immune and local cells, may help researchers

and clinicians to determine if hyperuricemia is

a potential target for effective treatments for a

subset of tendon problems.

Other metabolic disturbances associated with

specific substances that can affect tendon homeo-

stasis include the thyroid hormones (see

Chap. 12). Autoimmune thyroid diseases can

lead to connective tissue disorders, as thyroid

hormones can alter tendon metabolism. Other

disorders of thyroid function have so far been

investigated only for rotator cuff calcific

tendinopathy and tears. Further research is

needed to clarify the role of thyroid hormones

in the onset and progression of tendinopathies.

The endocrine system holds a strong control

on tendon metabolism not only via thyroid

hormones, but also via sex hormones (see

Chap. 13). Thus, in active young female athletes,

physiological high concentrations of estrogen

may lead to increased risk for injuries due to

reduced fibrillar crosslinking and enhanced joint

laxity. Testosterone, on the other hand, augments

tendon stiffness due to an enhanced tendon col-

lagen turnover and collagen content. Testoster-

one steroid injections, among many other side-

effects, often result in tendon ruptures. However,

the specific effects of individual hormones on

tendon metabolism are not yet fully elucidated

and still need further study. As well, since the

natural environment contains multiple hormones

and their respective receptors, analysis of indi-

vidual hormone effects do not reflect the in vivo

situation.

Hypercholesterolemia can exist both as hered-

itary dyslipidemias and as a result of lifestyle.

However, associations between elevated total

cholesterol and tendon problems exist in all

these patients. High cholesterol environments

have been demonstrated to alter tendon bio-

mechanical properties with a few underlying

mechanisms explored, showing eg.: altered pro-

tein synthesis; dysfunctional local extracellular

matrix composition and turnover; and inflamma-

tory gene expression (see Chap. 14). Future

research within this area would also benefit

from incorporation of additional clinically better

translatable study elements.

In addition to hypercholesterolemia, obesity

has been demonstrated to exert harmful effects

on tendons (see Chap. 15). The pathogenesis

being multi-factorial including overload,
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attributable to the increased body weight, and

systemic factors such as bioactive peptides (e.g.

chemerin, leptin, adiponectin) that contribute to a

chronic, sub-clinic, low-grade inflammation

(e.g. metabolic syndrome). Therefore,

personalized training programs with regular

check-ups are important components for the

effective treatment of tendon pathology in such

individuals.

Adiposity is also clearly linked to pre-diabetes

and diabetes mellitus, conditions which have

well documented detrimental effects on both ten-

don homeostasis, as well as tendon healing. Fur-

thermore, one of the first sites of insulin

resistance in obesity is in muscles, which in

turn drive tendon activity. The regenerative capa-

bility of tendons is compromised in diabetes with

corresponding expressional changes in collagens,

matrix metalloproteinases and various inflamma-

tory and growth mediators and their receptors

(see Chap. 16 and 17). Another specific factor

associated with diabetes that affects the mechan-

ical properties of the tendon is the formation of

advanced glycation end-products that lead to

cross-links with collagen extracellular matrix

(see Chap. 18).

So how do we treat patients with diabetes

mellitus and tendon problems? Exercise is and

likely will become the most important early and

non-invasive intervention for these patients.

However, the prescribed exercise has to be indi-

vidually managed by an experienced, trained

physiotherapist who is aware of all different

musculoskeletal interactions associated with dia-

betes mellitus (see Chap. 19). A holistic

approach should be used to optimize

musculotendinous function, including a compre-

hensive exercise prescription addressing

strength, flexibility, and aerobic fitness.

An important question remaining is related to

whether the above mentioned metabolic

disorders partly may act via inflammatory

pathways to affect tendon homeostasis.

Advances in our understanding of the basic sci-

ence of inflammation have provided further

insight into its potential role in specific forms of

tendon disease, and the motive powers such as

excessive mechanical stresses and systemic

inflammatory diseases (see Chap. 20).

Inflammatory pathways are additionally

involved in the pathogenesis of deep venous

thrombosis (DVT), which may occur in up to

50 % of the patients with Achilles tendon rupture

– a late stage complication of tendinopathy. DVT

has recently been demonstrated as an indepen-

dent predictive factor for impaired patient out-

come at 1 year after Achilles tendon rupture,

possibly via negative influences on tendon

healing by impaired blood circulation (see

Chap. 21). These findings suggest that specific

interventions are warranted to prevent DVT.

Thus, recently adjuvant treatments with intermit-

tent pneumatic compression applied during

lower limb immobilization was demonstrated to

reduce the incidence of DVT.

An often-underestimated risk factor for ten-

don disorders is the influence of intake of differ-

ent drugs used as prescribed medications (see

Chap. 22). Thus, there can be detrimental side-

effects of drugs on the tendon, including both

tendinopathy and the risk for tendon ruptures.

Four main drug classes have been reported to

be associated with disturbed tendon metabolism:

(1) Corticosteroids, (2) Chinolon antibiotics,

(3) Aromatase inhbitors, and (4) Statins

(HMG-CoA-reductase inhibitors). The intake of

these drugs may increase tendon risk for compro-

mise directly, or indirectly via a concurrent fac-

tor such as tendon loading, leading to detrimental

effects on tendon integrity.

Corticosteroids (Glucocorticoids) are still

widely used to relieve a wide variety of muscu-

loskeletal disorders is. However, the negative

influences of glucocorticoids on tendon metabo-

lism are compelling (see Chap. 23).

Glucocorticoids reduce tendon derived cell pro-

liferation, reduce extracellular matrix synthesis,

contribute to collagen disorganisation and

inflammatory cell infiltration and negatively

affect the mechanical properties of tendons.

Therefore, glucocorticoids should be used with

extreme caution in treating tendon problems.

Consider the aging population, which at the

same time of life has increasing demands for an
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active lifestyle. This combination will lead to an

increased pressure on the healthcaresystem to

provide help for musculoskeletal and tendon

disorders. Recent evidence clearly demonstrate

increased susceptibility of tendons to injury with

advancing age (see Chap. 24). These challenges

suggest that we need a much better understand-

ing of common pathways of aging and alterations

to tendon homeostasis.

Novel Therapies That May Affect
Tendon Metabolism

A recent highly popularized therapy for tendon

disorders are injections with platelet-rich plasma

(PRP). The background for PRP therapy is that

platelet degranulation leads to a release of vari-

ous growth factors and cytokines, which in

experimental studies have shown positive effects

on tendon metabolic activity. However, when it

comes to clinical studies the evidence from the

literature demonstrates that PRP does not lead to

improved patient-reported outcomes (see

Chap. 25). Therefore, currently PRP should

only be used in experimental and clinical studies

as to further explore if PRP has a role for treating

tendon disorders.

Another increasingly used treatment for ten-

don disorders are shockwave treatments, which

have accumulating clinical evidence for their

clinical effectiveness (see Chap. 26). The few

underlying mechanisms that have been explored

relate to destruction of calcifications, pain relief,

mechanotransduction-initiated tissue regenera-

tion, and remodeling of the tendon. However,

the heterogeneity of shockwave systems, treat-

ment protocols and study populations, and the

fact that there seems to be responders and

non-responders, warrants further basic and clini-

cal research.

Since obesity, hyperlipidemia, hyperuricemia,

diabetes mellitus, and likely also inflammation in

general, affect tendon metabolism negatively, it

would be logical to assume that the diet could

influence, at least indirectly, several tendon

disorders (see Chap. 27). Today, however, the

direct effects of diet on tendon metabolism, as

well as long-term indirect effects on tendon

disorders, are for the most part, completely

unknown.

Conclusion

Today there are still no effective drug therapies

for many painful and non-healing musculoskele-

tal disorders, eg. tendinopathy, which negatively

affect the quality and functionality of life for

millions of people. There is an immense need

for a more holistic understanding of the underly-

ing causes of such connective tissue problems.

Recent advances in musculoskeletal research

have established important new links in our

understanding of how tendon disorders are linked

to diseases and conditions associated with meta-

bolic disturbances such as obesity, atherosclero-

sis, hormonal dysfunctions, inflammation and

diabetes mellitus. However, there is still a great

need for further mapping of the molecular

pathways involved, as well as to characterise

the extent of metabolically associated disorders

in patients. Further challenging tasks are to iden-

tify biomarkers of disease and biomarkers pre-

dictive of treatment response. A prerequisite for

the success of research in this area is a close

interaction between researchers and clinicians

with various subspecialties in order to identify

underlying targets for new therapies.

The individual chapters in this book address

many of the individual elements discussed here

in more detail. The key to success going forward

will be to both understand the individual factors

and their interplay to impact subsets of people to

increase risk for tendinopathies and to contribute

to unique and/or common pathways for progres-

sion and resolution of these tendon disorders.
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