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Abstract: Rotator cuff (RC) tendons could beinflicted in many ways with an eventual outcome of pain, weakness 
and disability, which represent a large burden on health care cost. However, optimal healing, either conservatively 
or with surgical intervention, remains an issue that needs further investigation. Disorders of the RC tendons may 
result from external factors like trauma, or internal factors through physiologic and metabolic derangement. Most 
RC tendon disorders may be asymptomatic and may result from an over-activity of the inflicted shoulder and its ten-
dons. Such tendon disorders are poorly diagnosed since patients do not seek medical attention until pain or weak-
ness ensue. Immunological and biochemical events in RC disorders due to mechanical intolerance have not been 
investigated. Generally, the mechanical load drives normal physiological properties of the tendon. But, mechanical 
overload/burden exerts stress on tenocytes, and disrupts the tendon microenvironment by triggering a multitude of 
signaling pathways leading to extracellular matrix remodeling, disorganization, alteration in collagen composition 
and apoptosis. These events result in weak tendon which is highly susceptible to rupture or tear. In this article, we 
critically reviewed the intrinsic signaling pathways that are excessively triggered by continuous mechanical load and 
the counteracting physiological responses and associated derangements. The elucidation of the molecular events 
underlying mechanical stress-induced symptomatic/asymptomatic tendinopathy could provide information on po-
tential target sites for translational application in the management of rotator cuff disorders. 
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Introduction

The shoulder pain is the second most common 
musculoskeletal complaint with an incidence of 
about 15% in the world adult population and 
8% inthe United States [1]. Rotator cuff disor-
ders (RCDs) are the most common cause for 
shoulder pain where supraspinatus muscle and 
tendon are primarily affected. RCDs represent 
50% of acquired shoulder disorders and are 
common in all age groups, but prevalent in 
older population. RCDs can range from totally 
asymptomatic-to-symptomatic but not dis-
abling, and to symptomatic with impairment in 
daily activities. In fact, RCDs are the leading 
cause of musculoskeletal disability related to 
shoulder. Over 200,000 RCD repairs are per-
formed every year where the arthroscopic 
approach is commonly practiced. The necessi-
ty for these repairs has a huge toll on health 

care costs nationwide [2]. According to a recent 
survey, over 500 billion USD were spent on di- 
agnosis and management of musculoskeletal 
disorders, out of which over 30 billion USD were 
used for tendon disorders [3, 4]. There was a 
141% increase in rotator cuff repairs from 1996 
to 2006 which signifies the increased progres-
sion of RCDs [5]. Gap in our knowledge on the 
underlying molecular mechanisms, etiology and 
tissue responses is the limiting factor in the 
effective management of RCDs. Here, we criti-
cally reviewed the literature on the pathophysi-
ology and molecular events associated with 
asymptomatic RCDs, particularly in relation to 
mechanical burden of RC tendons.

Risk factors of RCD

There is no specific risk factor that predicts the 
occurrence of RCDs. But, age is the most fre-
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quent factor associated with tendinosis and 
tear. Patients with comorbid conditions such as 
diabetes mellitus and obesity may have a predi-
lection to developing an RCD. However, majority 
of traumatic causes of RCD are not dependent 
on a risk factor.

age

Agingis a major risk factor as evident from the 
proportionate increase of RCDs with respect to 
the age of victims. Kim et al. [6] reported that 
patients between 40-49 years had 15% less 
chance for RCD than patients between 50-59 
years. But, there was 20% more susceptibility 
for patients aged 60-69 years and more than 
40% for the subjects above seventy years of 
age [6]. Furthermore, a study with 588 patients 
with pain in a unilateral shoulder revealed that 
one third of patients aged between 59 to 68 
years had RCD. However, no cause was found 
for the high incidence of RCD in elderly subjects 
other than age-related changes [7]. The me- 
chanical properties of RC tendon decline with 
age due to senescence which leads to impro- 
per response to continuous mechanical strain 
that results to stiffness and decreased motor 
functions and ultimately tears [8]. Age is a fac-
tor that is considered when deciding that a sur-
gical intervention is the best treatment ap- 
proach. Elderly people with RCD and other mus-
culoskeletal disorders have co-morbid condi-
tions that may either complicate surgery or eli- 
minate it as a treatment option. 

Ethnicity

There is no clear evidence that an ethnic factor 
plays a role in the prevalence of RCDs. In a 
study on Korean population with patients of 49 
years or older, the prevalence of full thickness 
rotator cuff tears was lower than expected [9]. 
Nearly half of them were symptomatic. Obvi- 
ously, additional studies concerning ethnicity 
are warranted. 

Genetic factors

RCDs are associated with the derangement of 
multiple genes. Even though there is no con-
vincing report regarding genetic factors associ-
ated with RCDs, the family members of patients 
could be carrying a risk for developing tendi-
nopathies in the rotator cuff [10]. There are few 

reports that suggest the role of genetic factors. 
It was reported that Tenascin C and collagen Va 
variants contributed to Achilles tendinopathies 
but not RC ruptures [11]. Also, multiple gene 
variations are associated with variable tendon 
properties specially in athletes [12]. In subjects 
with the polymorphisms in the angiotensin con-
verting enzyme (ACE) and α-actin 3 protein ge- 
ne (ACTN3), there was improved tendon me- 
chanical properties and overall performance of 
the athlete [13]. These genetic variations in 
athletes can enable their tendons to withstand 
continuous and strenuous mechanical load 
with less propensity to tendinopathy.

Environmental factors

Environmental factors could contribute to the 
developmentof RCDs, but whether they can 
solely inflict an RCD remains uncertain. Yet, 
people with certain living environments that 
require strenuous tendon strain daily may have 
a greater propensity to develop a tendon 
pathology overtime [14, 15]. Another interest-
ing example is appreciated when the spouse of 
a patient with RCD develops a similar disorder; 
which suggests a common environmental or 
epigenetic factor that may have a role in the 
development of RCD in different people that 
live in the same place.

Habitual factors

Increased risk for RCDs has been observed  
in alcohol consumers [16], but the underlying 
mechanism is unknown. Several studies have 
shown interconnection between smoking and 
rotator cuff disorder where, increased preva-
lence of RCDs has been reported among smok-
ers. Smoking induces contraction of vascular 
smooth muscles and decreases vascularity to 
the hypovascular tissue like rotator cuff ten-
dons. Studies also showed that patients with 
history of smoking are most likely to have more 
surgical procedures [16]. Moreover, Mallon et 
al. [17] and Galatz [18] found a negative effect 
of nicotine on tendon healing. Little evidence 
exists regarding the role of hand dominance in 
the development of an RCD on the dominant 
side in the non-athlete population, while ath-
letes that suffered an RCD usually had it in their 
dominant shoulder. Postural abnormalities that 
are attributed to a musculoskeletal disorder 
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are associated with tendon disorders in almost 
50% of patients [19].

Biological factors

Cholesterol: Hypercholesterolemia is another 
risk factor for the development of rotator cuff 
disorder. Abboud and Kim [20] conducted a 
study on 73 RCD patients and compared them 
to 74 control patients without RCD and report-
ed that LDL cholesterol and triglycerides were 
higher in RCD patients while HDL cholesterol 
was lower than control. A study by Kim et al. 
[21] examined the effect of hyperlipidemia on 
impaired healing of RCD. Since hyperlipidemia 
is a risk factor for a multitude of disorders, it 
was considered an indirect risk factor in hyper-
lipidemic patients to develop rotator cuff tendi-
nopathy with or without tear.

Body Mass Index (BMI): Increased body fat and 
BMI contribute to atherosclerotic pathologies 
of vascular walls. Tendons are hypovascular tis-
sues that are affected by a vascular pathology 
which can lead to impaired healing responses 
and eventually tendinopathies [22]. Sedentary 
lifestyle is usually associated with less physical 
activity and exercise, which results in less me- 
chanical load exerted on tendons, yet does not 
protect tendons from the pathologic effects of 
metabolic syndrome. Gumina et al. [23] report-
ed that BMI and percentage of body fat could 
be a risk factor not only for rotator cuff tear, but 
alsoin determining the severity of the tear.
Wendelboe et al. [24] found adverse effect of 
abnormal BMI on the healing after arthroscopic 
repair intervention.

Clinical presentations

The physical examinations for RCDs include 
inspection, palpation, evaluation range of mo- 
tion (passive and active) and muscle strength 
along with provocative tests. The clinical pre-
sentation of RCD depends on the extent of tear 
and ranges from totally asymptomatic to dis-
abling condition depending on a multitude of 
factors. Ipsilateral dull shoulder pain is elicited 
and increased by movement and decreased by 
rest; this is a well-known characteristic of par-
tial thickness tears. Only when partial tears pro- 
gress to full thickness tears, the pain becomes 
persistent and usually shooting down the ipsi-
lateral arm and elbow [25]. Also, in full thick-

ness tears, range of motion decreases as pa- 
tient is less able to abduct the arm. If tears do 
not heal or go untreated then progression to 
chronic tears is certain with ipsilateral weak-
ness and sharp pain becomes persistent. Pain 
in those patients may interfere with their sleep  
[26].

A patient with shoulder pain and weakness on 
physical examination along with weak external 
rotation would have more than 98% probabili-
tyof having an ipsilateral rotator cuff, specifi-
cally supraspinatus tear. A positive drop arm 
sign indicates an ipsilateral abnormality and 
denotes more than 98% chance that there is  
an ipsilateral RC tear. If the tests during the 
physical examination are negative, then the 
chance of having a rotator cuff pathology or 
tear will be very low at 5%. This suggests that 
the physical examinations are more economi-
cal in the diagnosis of RCDs [27].

Pain

Pain associated with RCD resembles pain ex- 
perienced with other shoulder disorders like 
arthritis or even fracture. It is critical to distin-
guish the RCD shoulder pain from other causes, 
yet this task remains clinically challenging. His- 
tory and physical examination of the patient 
help in differentiating pain, especially musculo-
skeletal origin versus others. The source of 
pain may be in the neck, trapezius muscle, 
heart or the gall bladder but pain is felt in the 
shoulder as if it originated there; yet the shoul-
der is completely healthy. Causes of radiated 
pain can be easily found on careful physical 
examination. Within the shoulder itself, the 
pain of an arthropathy tends to be more local-
ized to the anterior arm while pain from RCDs is 
more likely to have lateral or anterolateral dis-
tribution [28]. It is also worth mentioning whe- 
ther the pain is limited to the shoulder or elicit-
ed in different locations, which would suggest 
other diagnoses like Fibromyalgia or Polymyal- 
gia Rheumatica, which if found, would warrant 
a different treatment approach [29].

Weakness and impaired mechanical proper-
ties

Specific physical examinations can readily dif-
ferentiate between the different types of shou- 
lder weaknesses. For instance, an elderly pa- 
tient may have weakness that is neuronal in ori-
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Table 1. Histologic zones of entheses and components of each zone
Cells Collagen fibers Collagen type

Zone 1 Fibroblasts and spindle shaped cells Linear and parallel Mainly types I and XII, less type III

Zone 2 Fibrochondrocytes The linear pattern is lost to an extent, curvy pattern appears Mainly types I and III

Zone 3 Fibrochondrocytes Stark irregularity which supports the entheses mechanically Mainly type II and less type I and X

Zone 4 Osteocytes, osteoblasts, osteoclasts Site of attachment to bone Type I only

gin with co-existing RCD weakness, but the 
neuronal weakness is more pronounced than 
that of an advanced rotator cuff tear. The me- 
chanical properties of the biceps tendon de- 
crease with rotator cuff tear in the ipsilateral 
shoulder. The mechanical load will be solely 
carried by the biceps tendon which makes the 
shoulder weakness more pronounced. As the 
major stabilizer of the humeral head in a shoul-
der joint with RC tear/s, the biceps tendon may 
be inflicted with lesions due to mechanical load 
if the chronic tear is not repaired [30].

To further emphasize the impact of torn tendon 
in the shoulder, Peltz et al. [31] studied the 
effect of tendon injury on rat ambulation and 
found that rat ambulation was altered 4 weeks 
after supraspinatus tendon detachment. Am- 
bulation was significantly altered 8 weeks after 
injuring two tendons. They also found that the 
uninjured tendons showed signs of degenera-
tion leading to further decrease in the mechani-
cal properties and hence ambulation. Biceps 
tendon pathology or coraco-acromial joint ab- 
normality may mimic the pain from a rotator 
cuff disorder, and these entities are not easily 
distinguishable by clinical examination alone. In 
such cases an arthroscopic intervention can 
provide better diagnosis and therapy [32].

Anatomical and histological alterations

Four muscles cross over the shoulder joint and 
insert into the humerus facilitating shoulder 
movement and provide stability to the shoulder 
joint comprising the rotator cuff. These mus- 
cles are Supraspinatus, Infraspinatus, Subsca- 
pularis and Teres Minor [33]. Movements as- 
sociated with these muscles are: (i) abduction 
of the arm, which is initiated by the supraspina-
tus, (ii) external rotation by both infraspinatus 
and teres minor, and (iii) internal rotation by the 
subscapularis [34, 35]. In RCD, the normal 
anatomy of the tendons and muscles that make 
up the rotator cuff could be normal or altered. 
Autopsy or radiology findings of normal rotator 
cuff anatomy reflect a non-traumatic and pos-

sibly an inflammatory etiology of the RCD. On 
the other hand, anatomic alterations may be 
caused by a traumatic injury to the rotator cuff 
and/or probably a developmental or structural 
abnormality in the shoulder joint components. 
The anatomic abnormalities were considered 
the major etiology for developing RCD in the 
earliest reports on shoulder abnormalities [36].

A typical tendon is composed of collagen fibers 
or tropocollagen; these make up micro-fibrils; a 
group of micro-fibrils constitutes a sub-fibril; 
sub-fibrils then make up fibrils. Fibrils are inter-
spersed with tenocytes where the fibrils and 
tenocytes together constitute fascicle. A fasci-
cle (functional unit of tendon) is covered by a 
fine sheath of connective tissue called endo-
tenon and the whole tendon is covered with  
epitenon. About 70% of tendon weight is water 
and most of the dry weight is composed of type 
I collagen. Cellularity is normally low in a typical 
tendon with fibroblasts being the dominant cell 
type [37]. Enthesis is the insertion of tendon to 
bone. Histologically, four zones can be distin-
guished in an enthesis (Table 1); Zone 1 is com-
posed mostly of collagen I and XII, its cells have 
a spindle like morphology and its fibers are 
organized. Zones 2 and 3 share a similarity in 
type of abundant fibrochondrocytes but, a ba- 
sophilic line of separation between both zones 
demarcates the rigid and the soft tissues. Al- 
so, the collagen fibers are more disorganized in 
zone 3 than zone 2. Zone 4, which is the closest 
to bone, contains mostly collagen type I and is 
a common spot for RC tearing and an indication 
for surgical intervention [38]. Enthesis of the 
RC tendon as well as that of Achilles tendon is 
different from other entheses in being a fibro-
cartilaginous rather than just a fibrous atta- 
chment to bone. Fibrocartilaginous insertions  
are prone to detachment as they attach bone 
diaphysis and metaphysis rather than metaph-
ysis [39]. The tidemark, which is a demarcation 
line that separates the calcific and the non- 
calcific parts of enthesis, is disrupted in RCD. 
The faster the disruption, as in trauma, the 
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Figure 1. IL-1β is a direct product of mechanical overloading on tenocytes. 
It activates signaling pathways that result in different effects on tendon 
microenvironment. As IL-1β stimulates downstream expression of pro-in-
flammatory cytokines, especially CCL2, it also stimulates the expression 
of anti-inflammatory cytokines that initiate repair and ECM reorganization. 
The balance of expression of pro- and anti-inflammatory cytokines deter-
mines the degree and chronicity of inflammation. MMPs play opposite roles 
in tendons and their expression is associated with inflammation as well as 
with repair.

more prone the tendon is to tear. The chronicity 
of the RCD may delay the tear [40].

Mechanical burden; a gateway to RCDs

Mechanical loading is essential for the develop-
ment of normal anatomy of tendons. Mikic et al. 
[41] reported that tendon tissue does not de- 
velop properly into fully functional tissue with-
out exposure to mechanical loading. Loading in 
physiological range is essential for maintaining 
the normal function of tendon and homeosta-
sis of its micro-environment, yet disproportion-
ate amounts of load can cause adverse effect 
on the tissue homeostasis and contribute to 
tendinopathy. Decreasing load volume to phy- 
siological range can be an essential step in 
therapy that reinstates the normal mechanical 
transduction and initiates proper healing res- 
ponse [42].

Tenocytes are the main cellular component of  
a tendon. They are sensitive to mechanical sti- 
muli as they respond to loading by producing 
cytokines that alter the components of extra-
cellular matrix. Wang [43] reported the process 
of mechano-transduction through the tendon 
part of the musculoskeletal system. Physiologic 
or pathologic mechanical loading plays a major 

role in altering protein expres-
sion in tendon micro-environ-
ment as it does in bone, carti-
lage and the rest of muscu- 
loskeletal system. Physiologi- 
cally, tenocytes undergo low 
strain. At 1% strain, tenocytes 
have normal morphology in re- 
sponse to that strain. At 3% 
strain, collagen fibrils start to 
elongate, such deformation is 
reversible. At 5% strain, teno-
cytes reach the threshold or 
the maximum elasticity they 
can withstand. And at 5-8% st- 
rain, a plastic deformation ta- 
kes place which can result in 
disruption of cell-to-cell con-
nection. The disruption of con-
nection detaches gap junctions 
by altering plasma membra- 
ne proteins like connexin 43 
(Cx43) [44, 45]. Developing an 
agent that stabilizes or regen-
erates connexin 43 could be a 
novel approach that aims at 

maintaining the arrangement of tenocyte-teno-
cyte attachment and communication.

An inflammatory response is triggered upon 
inflicting micro-trauma from repetitive mechan-
ical load on tenocytes. Loadingresultsin axial 
stretching of tenocytes, which activates the 
expression and secretion of a multitude of cy- 
tokines and chemokines. To date, cytokines 
IL-1β, IL-15, MMP13 and chemokine CCL2 (C-C 
motif ligand 2, which is previously known as 
MCP-1 or monocyte chemoattractant protein  
1) from tenocytes have been recognized. These 
agents activate resident monocytes to release 
IL-6 and TNF-α, and induce the differentiation 
of monocytes to macrophages; further aug-
menting the inflammatory response. Mecha- 
nically-induced IL-1β expression was found to 
promote, as well as dampen, inflammation th- 
rough an interplay of multiple signaling pa- 
thways.

Distinct roles of IL-1β in the tendon disorders 
are summarized in Figure 1. To promote repair 
and dampen inflammation, IL-1β increases the 
initial expression of MMPs to clear ECM debris, 
epiregulinto promote wound healing, fibroblast 
growth factor (FGF) to induce fibroblast prolif-
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Figure 2. Effect of mechanical strain on tenocyte. IL-1β is expressed in response to mechanical overload. It exerts 
its effects in an autocrine and paracrine fashion to increase its own expression from tenocytes. It triggers different 
signaling pathways leading to both inflammation and subsequent repair. By binding to its receptor, IL-1β activates 
the PC/PKC-PLC pathway that induces NF-κB to translocate to the nucleus and increase CCL2 gene expression. 
CCL2 recruits monocytes to loading site and activates resident macrophages initiating an inflammatory response.

eration and IL-6 to utilize its pro-healing roles in 
tendons. IL-1β also induces cyclooxygenase-2 
expression which was found to promote healing 
in bone tissue, yet its role in tendons needs to 
be evaluated. IL-1β also increases the expres-
sion of CCL2 which recruits monocytes and 
activates resident macrophages into M1 or M2. 
If the microenvironment favors M2 differentia-
tion, then IL-10 is overexpressed and inflam- 
mation is reduced. On the other hand, IL-1β is 
notoriously known for mainly promoting inflam-
matory actions through immediate induction of 
expression of IL-15 because of repetitive ten-
don mechanical loading, which activates T-lym- 
phocytes and NK cells. Further, MMPs expres-
sion is induced by IL-1β and serves the ongoing 
destruction of tendon ECM. CCL2 also recruits 
monocytes and activates M1 differentiation 
that eventually leads to TNF-α. More inflamma-
tion is expected with over expression of CCL2 
and TNF-α through actions of IL-1β (Figure 1).

Figure 2 shows the loading-orchestrated inter-
play between IL-1β, CCL2, tenocytes and in- 
volved inflammatory cells. The pro-inflammato-
ry role of IL-1β seems to outweigh its pro-heal-
ing role, yet does this mean that biological 

agents like IL-1R antagonist (Anakinra) are use-
ful in negating the deleterious effect of tendon 
repetitive mechanical loading? Such an agent 
blocks all IL-1β effects on target cells, which 
means that pro-healing effect will also be 
blocked. Further investigations regarding opti-
mizing Anakinra usage could shed additional 
light.

Lakemeier et al. [46] reported that non-cuff 
tendons were also involved in RCDs; where they 
found that the long head of biceps tendon of 
the ipsilateral shoulder had increased expres-
sion of the proteinases MMP-1, MMP-3 and 
MMP-9. Upregulation of MMPs occurs drasti-
cally following acute injury of a rotator cuff [47, 
48]. In addition, TNF-α and IL-1β induce the 
upregulation of IL-6 [49]. IL-6 is a classical pro-
inflammatory cytokine, yet it has a significant 
role in tendon immune-regulation and healing 
as it increases expression of TGF-β1 through 
the JAK1/p-STAT3 signaling pathway, IL-4 and 
VEGF (vascular endothelial growth factor) that 
are potential molecules that induce fibroblast 
proliferation and collagen deposition [50]. Lin 
et al. [51] reported that IL-6 and IL-4 are abso-
lute requirements for tendon repair and the res-



Mechanical load and tendinopathy

4347 Am J Transl Res 2017;9(10):4341-4360

toration of normal mechanical and structural 
properties as they illustrated in a mouse model 
where mice deficient in IL-6 and IL-4 could not 
heal their severed Achilles tendons.

Increased production of IL-10, MMP-1 and 
MMP-3 were also reported in tenocytes under-
going mechanical burden. MMP-1, MMP-3 and 
MMP-13 are responsible for degrading disorga-
nized/damaged collagen and cleaning up the 
debris incurred by the initial micro-trauma. IL- 
10 has a negative feedback on inflammatory 
response by inhibiting monocytes. The combin- 
ed effect of IL-10, MMP-1, MMP-3 and MMP-13 
could be the initiating event of early repair at- 
tempts. However, the hyperactivity of these 
MMPs results in delayed healing and progres-
sion of ECM damage to the surviving tissue. If 
the pro-inflammatory molecules in the tendon 
environment persist, the process of inflamma-
tion continues to a chronic state. Wall et al. [52] 
showed that the exposure of human tenocytes 
to IL-1β resulted in dampened expression of 
TGF-β with subsequent decrease in collagen I 
and III expression. Here, the role of IL-1β con-
tradicts the role of IL-6 mentioned above and 
further confirms that IL-6 could indeed be anti-
inflammatory, at least in tendons.

Peterson [53] applied cyclic strain to rat ten- 
don fibroblasts and reported an upregulation of 
HIF1α (hypoxia inducible factor 1α) and VEGF, 
two molecules that are responsible for angio-
genesis. Mous eavizadeh et al. [54] investigat-
ed angiogenesis in rat tendons after cyclical 
loading. They reported that tendon cyclical lo- 
ading stimulates tendon fibroblasts to increase 
expression of TGF-β and HIF1α, those in turn 
activate the production of angiopoietin-like 4 
(ANGPTL4) which starts neovascularization. 
Whether new blood vessel formation in ten-
dons is beneficial or deleterious remains to be 
elucidated. 

The tendons respond to loading strain by acti-
vating the anabolic pathways of tenocytes to 
increase collagen secretion and ECM deposi-
tion. With continuous overuse, the synthetic 
pathways get exhausted due to hypoxia and a 
picture of disorganized collagen ensues. In a 
study in rat tendons, it was found that teno-
cytes undergoing prolonged use and stress 
increase the metabolic rate and the persis-
tence of mechanical stimuli caused phenotype 
change of tenocytes to chondrocytes as evi-

denced by increased glycosaminoglycan depo-
sition [55]. The transformation of tenocytes to 
chondrocytes essentially converts tendons to 
cartilage; a change that interferes with the nor-
mal mechanical properties that are inherent to 
tendons and endowed by tenocytes, not chon-
drocytes [56, 57].

Etiologies of dysfunction and tears

Rotator cuff dysfunction can be due to impinge-
ment or injury resulting in either partial or full 
thickness tears. Factors contributing to tears 
include degeneration of tendons due to aging 
and ineffective vascularity [58, 59]. Impin- 
gement occurs when the tendons of the rotator 
cuff muscles pass through the space between 
the acromion and the humerus called the acro-
mio-humeral interval. Narrowing of this space 
occurs due to various causes such as osteo-
phytes or bony spurs which results in external 
impingement. The pain results when the ten-
don gets compressed between acromion and 
humerus [60, 61]. This theory has been debat-
ed since a bony spur was found to be second-
ary to rotator cuff pathology rather than being 
the cause of it. Besides, arthroscopic removal 
of spurs disables the tendon tissue restoration 
which usually occurs secondary to initial ro- 
tator cuff pathology [62]. The external impinge-
ment can also be caused by compression of 
the tendon in a smaller than normal space 
between the acromion and the humeral head 
[63]. Bigliani et al. [64] reported the effect of 
acromion shape on neighboring tendon as a 
cause of external compression. Recently, these 
reports have been debated as studies have 
confirmed multifactorial etiologies for RCD 
[65]. Internal impingement occurs with repeti-
tive overhead activity of the arm like throwing 
(as in sports like baseball, or occupations that 
require frequent rating of arms overhead) whe- 
re the infraspinatus tendon is mostly affected 
[66, 67]. Unstable shoulder, humeral head sub-
luxation or frozen shoulder could lead to sec-
ondary impingement. A tear may ensue after 
trauma in about 8% of patients with confirmed 
tear of the rotator cuff or it may be the result of 
chronic impingement with or without degenera-
tion [68]. McFarland et al. [69] hypothesized 
that the impingement or compression of a ten-
don does not necessarily result in inflamma-
tion, but impingement can lead to pain and 
degeneration without inflammation. Several 



Mechanical load and tendinopathy

4348 Am J Transl Res 2017;9(10):4341-4360

Table 2. Pathology of tendon degeneration and staging
Stage Description Reference
I Initial Tendinitis: This is the injury stage, healing is not expected until through stage II. [75]
II Tendinosis: Increased fibroblast, endothelial and smooth muscle cell populations.  

Either healing occurs by this stage or tendon progresses to stage III. 
[108]

III Complete rupture/tear: Defective healing is expected once tendon pathology has progressed to this stage. [80]
IV Tendinosis with degeneration: Typical degenerative changes, like disorganization and thinning of collagen 

fibrils, fatty infiltration, myxoid or hyaline degeneration, calcification and/or chondroid metaplasia.
[77]

Table 3. Grades of full and partial thickness 
rotator cuff tears
Grades of full thickness tears
Small Less than 1 cm
Medium 1-3 cm
Large 3-5 cm
Massive More than 5 cm
Grades of partial thickness rotator cuff tears
Grade 1 Less than 3 mm
Grade 2 3-6 mm
Grade 3 More than 6 mm

other studies also postulated the existence of 
intrinsic factors within the tendon whose alte- 
rations lead to RCDs which include micro trau-
ma [70-72], hypoperfusion [73], or even an 
apoptotic theory [74].

Degeneration is a redundant description of  
one or more of the disturbed homeostatic and 
structure of the tendon, whether it is trauma- 
tic, age-related or another unclear mechanism 
[75]. There are many forms of degeneration 
that can be found in tendinopathy; one or a 
combination can be found in a rotator cuff dis-
order. It can be myxoid degeneration, hyaline 
degeneration, fatty infiltration, calcification, va- 
scular proliferation, chondrocyte-like metapla-
sia of tenocytes or disoriented collagen fibrils 
[76]. However, ectopic ossification mechanism 
for tendon dysfunction has also been reported 
[77]. As discussed above, a change of teno- 
cyte phenotype in the tendon mid-substance  
to chondrocytes or osteocytes leads to the ev- 
entual disabling of tendon mechanics.

The severity of degeneration is often encoun-
tered in rotator cuff tendon specimens of el- 
derly patients who have sustained longstand-
ing tendinopathy processes. The degree of de- 
generation in those patients offers challenge to 
surgical treatment where success rate is low 

and recurrence rate is high [78]. On the other 
hand, the surgeries in younger people have 
much better outcomes, due in part to the pre-
served original integrity of the tendon matrix 
with less apoptosis potential, fatty infiltration 
or other degenerative processes [79]. Different 
stages of tendon degeneration and inflamma-
tion are summarized in Table 2. 

Classification of tendontears

RC tendon tears are classified into partial and 
full thickness tears where the partial tears are 
sub-classified into intra-tendinous tears, bursal 
tears or most commonly the articular tears 
[80]. Partial tears may or may not progress 
overtime to full thickness tear depending on 
tendon fiber overload [81]. Partial tears are fur-
ther sub-classified according to size, and full 
thickness tears are sub-classified according  
to size of tear [82]. The grading of tears accord-
ing to radiology and autopsy findingsare shown 
in Table 3. As tear size increases the healing 
ability of tendon tissue decreases, which is cha- 
racterized by decreased fibroblast activity and 
formation of new vessels [83, 84].

Cellular, biochemical and immunological 
response against mechanical injury

Collagen content

Collagen I accounts for almost 85% of the dry 
weight which is crucial for transmitting mechan-
ical force [85, 86]. Collagen III is an immature 
type of collagen upregulated in pathological 
states of tendons [87]. Collagen III is composed 
of fibrils of smaller diameter than collagen I.
However, collagen I replaces the collagen III 
during the progression of repair and healing 
process following the injury [88]. Eventually, 
collagen III is switched back to collagen I after 
the repair/healing is complete, which usually 
takes 6-12 months. In addition, the reoccur-
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rence/persistence of injury can lead to in- 
creased collagen III which results in weaker 
tensile strength. Type II collagen at the bone-
tendon interface also fails to withstand the 
shearing force exerted by the bony surface 
[89].

The ratio of collagen subtypes is under the in- 
fluence of several growth factors. Primarily, in- 
sulin-like growth factor stimulates the expres-
sion and production of collagen in tendons. 
Mechanical loading induces increased expres-
sion of IGF-1 in tenocytes which in turn upregu-
lates collagen [90, 91]. 

Inflammation

Inflammation is a key physiological response  
to tendon tissue injury. Matthews [83] correlat-
ed the number of inflammatory cells in a torn 
tendon to the size of tear. As the tear increa- 
ses in size, the inflammatory cellular infiltration 
tends to be more distinct. The type of inflam- 
matory cells found in tendons are derived from 
the monocytic lineage, i.e. monocytes and ma-
crophage subtypes. Macrophages are the main 
inflammatory cells that frequently occur in ten-
dons [83]. Morsolais et al. [92] reported that 
the inflammatory responses immediately follow 
an acute injury to the tendon, driven by the 
presence of cytokines like the IL-1β, IL-6, COX2, 
and MMP-1, MMP-2 and MMP-13 [92]. Dakin et 
al. [93] reported that CD14 monocyte (the pre-
cursor of macrophages) and CD68 macro-
phages exist in early and advanced stages of 
RCD revealing their role in RC tendon inflamma-
tion. Interestingly, our research group recently 
reported the inflammation in RC tendons with-
out the involvement of immune cells where the 
tenocytes expressed inflammatory mediators 
like TREM-1 and TREM-2 [94]. Similar results 
were reported by Millar and co-investigators 
[95].

Although the role of macrophages in rotator 
cuff tendon injury and healing has not yet clear-
ly defined, yet it is possible to assume that they 
performthe same functions as in other tissues 
[96]. Among two macrophage phenotypes, M1 
macrophages secrete effector cytokines that 
mediate inflammatory responses, produce rea- 
ctive oxygen species (ROS), and activate apop-
tosis [97]. On the other hand, M2 macrophages 
suppress the inflammatory response and stim-

ulate fibroblasts to restore ECM [98]. M1 mac-
rophages can be primed by IFN-γ and TNF-α 
while M2 macrophages can be primed by IL-10 
and IL-4. The M2 subset, M2a, has an inhibitory 
effect on M1, and M2c macrophages drive tis-
sue repair [99]. CD38, G-protein coupled recep-
tor 18 (Gpr18), and Formyl peptide receptor 2 
(Fpr2) are specific markers for M1 macro-
phages [100], whereas Arg1 and FGF2 are M2a 
macrophage markers and CD168 and CD206 
are M2c macrophage markers [101].

Behzad et al. [102] reported that mast cells 
exist in tendon tissue microenvironment and 
play a major role tendon inflammation after 
mechanical overload. Mast cells promote in- 
flammation and ECM disorganization by up- 
regulating COX-2, PGE-2, MMP-1 and MMP-7. 
Sharma and colleagues [103] also reported 
increased mast cell number in tendons follow-
ing mechanical trauma which would direct the 
attention to these immune cells instead of fo- 
cusing on macrophages, neutrophils and mo- 
nocytes. The mast cells migrate to tendon from 
the para-tendon tissues in response to inflam-
matory mediators associated with mechanical 
burden. Mechanical load stimulates tenocytes 
to produce chemo-attractants for mast cells to 
injury site, yet these mediators remain uniden-
tified [104, 105]. The role that mast cells have 
in tendon pathology is an area for further inves-
tigations, since potential modulators of mast 
cell functions are available for clinical use in 
other conditions. Could Cromolyn (a mast cell 
stabilizer) or a similar agent be of any benefit in 
tendon healing? 

Painful mechanical stimuli induce the produc-
tion of substance P (SP) from nerve endings. SP 
targets neurokinin receptor 1 (NK-1R) on mast 
cells inducing them to degranulate and release 
histamine, which stimulates nerve axons to re- 
lease more SP propagating a neurogenic in- 
flammation [106]. Interestingly, there are differ-
ent responses to different levels of SP. Zhou et 
al. [107] reported that lower levels of SP were 
tenogenic through increasing the expression of 
tenogenic genes both in-vivo and in-vitro. On 
the other hand, higher levels of SP induced 
expression of non-tenogenic genes such as 
PPAR-γ and type II collagen which resulted in a 
disorder that resembles tendinosis [107]. It is 
not clear how the expression level of SP con-
trols pain, whether the actual pain that patients 
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Figure 3. Prolonged mechanical loading beyond physiological levels on 
tenocytes, increases the expression of IL-1β and CCL2. CCL2 attracts mono-
cytes to loading site. Monocytes differentiate into M1 macrophages, which 
release TNF-α and IL-6. These pro-inflammatory cytokines activate down-
stream signaling pathways that result in tenocyte apoptosis. TNF-α binds 
and activates its receptor which activates TRAF leading to necrosis, and the 
Fas/FasL pathway which is known to upregulate the caspases 3, 8 and 9. 
IL-6 binds its receptor and activates cytochrome C which leads to the forma-
tion of an apoptosome through activation of Apaf-1.

report is directly proportional to the levels of 
SP, and this is the major factor in determining 
expression of tenogenic versus non-tenogenic 
genes.

Even though tendon with RCDs look normal to 
the naked eye, histologically several pathologi-
cal features exist [108]. Fiber orientation is 
usually parallel in normal tendon, while it is dis-
organized in diseased tendon [94, 109]. The 
nuclear morphology of tendon cells alters from 
spindle to grossly round/ovallike that of a chon-
drocyte [56]. Tillander et al. [110] reported that 
even normal tendons from healthy people with 
no evidence of tears had histomorphology of 
degenerative tendon pathology.

apoptosis

Apoptosis, programmed cell death, is a physio-
logical process that occurs in developing or- 
gans and normal healthy tissues. Regulation of 
apoptotic signaling in hypo-cellular tissues like 
tendons has not been studied yet. However, 
expression of apoptotic genes has been found 
on tenocytes upon mechanical loading [111]. 
Figure 3 illustrates one of the apoptotic signal-
ing mechanisms that occur due to the continu-
ous expression of IL-1β and CCL2 during repeti-

tive tendon mechanical load- 
ing. This figure also shows the 
involvement of cytokines TNF- 
α and IL-6 in inducing tenocyte 
apoptosis through the com-
bined effect of cytochrome 3, 
8 and 9 and cytochrome C acti-
vation that forms an apopto-
some which eventually leads  
to nuclear shrinking and cells 
death. Since apoptosis is not 
an exclusive result of inflam-
mation, many other factors we- 
re found to share a role in its 
induction. In torn human supra-
spinatus tendons, caspase 3, 
macrophage migration inhibi-
tory factor (MIF) and Fas-ligand 
were found to be upregulated 
[95]. Expression levels of Bcl-
2, HIF-1α, caspases and heat 
shock protein 70 (HSP 70) we- 
re found to be upregulated wi- 
th hypoxia [112]. Bcl-2 family 
are pro-survival proteins that 

are expressed to protect cells and inhibit apop-
tosis; they exert their anti-apoptotic effects in 
tendon tissue [113]. Activation of HIF-1α during 
hypoxic or cyclic strain enhances cellular Bcl-2 
[114]. Heat shock proteins especially, HSP27 
and HSP70, are expressed in RCD specimens 
of human and rodent models [115]. Both HSP 
27 and HSP70 inhibit apoptosis by preventing 
the interactions between cytochrome C and  
the caspases by inhibiting the binding of Apaf- 
1. Thus, the assembly of apoptosome is ham-
pered in the cells [116]. The level of HSPs in 
tendon reflects the cellular response against 
oxidative and/or mechanical stress. The p53 
protein is a key tumor suppressor and a potent 
stimulator of apoptotic pathways, and p53 sig-
naling facilitates mitochondria to release cyto-
chrome C and downstream caspases (caspas-
es-6, -7, -8, and -9) mediated through Apaf-1 
[117]. Lundgreen et al. [118] reported strong 
expression of p53 in tenoblasts, suggesting an 
active apoptosis. However, stage of RCDs whe- 
re apoptosis occurs is under debate. Benson et 
al. [114] further reported that apoptosis hap-
pens late in the disease and only in full-thick-
ness tears. On the other hand, Tuoheti et al. 
[119] reported that apoptosis occurs early in 
the disease process or following stage II sub-
acromial impingement. According to the report 
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by Wu et al. [120], early apoptosis is a repara-
tive process as apoptosis in tendon cells are 
activated during the first 3 days after injury fol-
lowed by cell proliferation period. This could be 
due to the normal repair responses. Bcl-2 po- 
sitive cells were found in tendon tissue even 
after the initial apoptotic phase which shows 
cell proliferation and inhibition of apoptosis.
Contrastingly in a subsequent report, Lund 
green et al. [121] reported the presence of 
p53+ tenocytes in partial thickness tears which 
was absent in full thickness tears. This signifies 
early stage apoptosis. The apoptotic phase in 
RCD tendons remains unexplored. Being hypo-
cellular and hypovascular, the tendon cells are 
highly adapted to withstand harsh microenvi-
ronment which raises the possibilities of al- 
ternative regulatory mechanisms for apoptotic 
process. Further research is warranted to eluci-
date these aspects especially regarding RCDs 
as it is not clear as yet if suppressing apoptosis 
is beneficial to tendon microenvironment after 
injury and inflammation. One way to approach 
this controversial role of apoptosis is to evalu-
ate the expression of apoptotic proteins in 
inflamed versus severed tendons in vivo in ani-
mal model. Apoptosis in inflamed tissue may  
be beneficial given the hyper-cellularity that 
occurs with inflammation as well as the activa-
tion of pro-inflammatory cytokines. On the oth- 
er hand, apoptosis in a trauma-inflicted tendon 
microenvironment could be deleterious given 
the natural hypo-cellularity of the tendon tis- 
sue upon injury and right after, due to the lack 
of adaptation by increasing cell population. 

Signals and biomolecules involved in healing 
attempts

The biochemical composition of RC tendons 
disrupts during the injury process due to pa- 
thological and immunological events. MAPK 
inase (MAPK) signaling has been reported to  
be involved in tendon responses to mechanical 
burden [122]. TGF-β is one of the over express- 
ed growth factors in tendon injury due to hypox-
ia and mechanical stress, it functions by induc-
ing the phosphorylation of the non-canonical 
p38 MAPK signaling pathway, rather than the 
canonical pathway of Smad 2/3, the inhibition 
of which had less effect on collagen synthesis 
than blocking p38 MAPK [123]. Activation of 
p38 MAPK leads the downstream phosphoryla-
tion and activation of kinases like ERK1, ERK2 

and p38, leading to the expression of a battery 
of pro-inflammatory genes and upregulation of 
collagen synthesis [124]. ERK1 and ERK2 are 
main functioning kinases of the MAPK signaling 
pathway and can be stimulated independently 
without upstream signaling. This could be fur-
ther supported by a recent study where ERK2 
effectively decreased the adhesion of tendons 
after surgical repair [125].

MMPs are a family of endopeptidases that play 
a major role in tissue remodeling after injury. 
MMP-1, MMP-2, MMP-9, MMP-13 and MMP-14 
are collagenases that act by degrading colla- 
gen fibrils while MMP-2 and MMP-9 are gelatin-
ases which are responsible for the digestion of 
degradation fragments produced by the action 
of collagenases [37]. Ireland et al. [126] report-
ed that MMP-3 plays the major role in tissue 
remodeling after acute tendon injury, initiating 
the reparative process and prevention of tendi-
nopathy development. They also reported that 
decreased MMP-3 expression is associated 
with defective remodeling that eventually leads 
to tendinopathy [126].

Collagenase-1 (MMP-1) expression is reported 
to be dependent on the type of force exerted on 
tendon [127]. Archambault et al. [128] reported 
that applying increased cyclic loads to rabbit 
tendon resulted in downregulation of MMP-1 
gene expression, while shear forces like fluid 
overflow upregulated MMP-1 gene expression. 
However, the removal of load upregulates MM- 
P-1 gene expression suggesting that absence 
of mechanical load can also activate MMP-1 
[129]. MMP-9 is a gelatinase that plays a role  
in ECM degradation specifically after collagen 
is degraded to gelatins by MMP-1. Orner et al. 
[130] evaluated the effect of MMP-9 inhibition 
on tendon healing in a murine model, however 
the healing was not improved. This suggests 
that tendon ECM degradation is a process that 
involves multiple factors, and thus inhibiting 
one factor may not inhibit the whole process.

MMP-14 is another collagenase that cleaves 
collagen I fibrils. Cancer cells in metastatic 
nasopharyngeal carcinoma and other cancers 
utilize MMP-14 activity to make way for their 
migration and metastasis through tissue ECM. 
Yan et al. [131] studied its role in cancer metas-
tasis and correlated its activity with poor prog-
nosis. MMP-14 plays a similar role in tendon 
utilizing the same process in ECM degradation 
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and reorganization, yet, MMP-14 knockout mi- 
ce did not have stronger or un-degraded colla-
gen [132]. Targeting MMPs seems to produce 
tendon weakness and less collagen synthesis. 
More research is required to select ideal MMP 
targets for the management of RCDs with mini-
mal side effects. 

The Tissue Inhibitor of Metalloproteinases (TI- 
MP) control MMP activity as the name im- 
plies. The relative expression of TIMPs deter-
mines the normal healing or remodeling of ten-
don tissue. TIMP-1, TIMP-2 and TIMP-4 exist in 
ECM and in blood while TIMP-3 occurs only in 
the ECM [133]. Hallgren et al. [134] found high 
levels of TIMP-1 in blood samples of patients 
with non-traumatic full thickness rotator cuff 
tear, which reflects the increased expression 
and activity of MMPs. Further examination of 
TIMP-1 functions in tendons is warranted as 
this molecule is crucial in stopping the ECM 
degradation.

Increased understanding of the role played by 
different subtypes of MMPs in RCDs has creat-
ed a potential treatment target as well. Exo- 
genous inhibitors of MMPs like doxycycline and 
bisphosphonates have been studied, with pro- 
mising results showing tendon healing. How- 
ever, adverse effects like gastrointestinal up- 
set and concentrated or dark urine as well as 
photosensitivity with doxycycline; or heart burn 
and esophagitis from bisphosphonates remain 
limiting factors and discourage patients from 
being compliant with treatment [135]. Also, 
MMPs can be used as markers of disease pro-
gression. Prognostic markers, like MMPs, can 
decrease the need for expensive radiologic 
evaluation. Bedi et al. [136] reported that α2- 
macroglobulin inhibits MMPs and enhances 
the ECM repair in rotator cuff tendon immedi-
ately after surgical repair. Despite requiring sur-
gery, α2-macroglobulin offers a great tool to 
speed up the healing process after surgical 
intervention. The applicability of α2-macrog- 
lobulin in humans still needs further inves- 
tigations.

VEGF drives angiogenesis for repair during early 
healing process and the decreased level of 
VEGF is often associated with RCDs [137]. 
VEGF regulates the genes that accelerate the 
proliferation of endothelial cells along with 
smooth muscle cells [138]. Increased VEGF 
expression in tendon tissue is influenced by 

inflammation, acute injury, hypoxia and/or 
stress overload [139]. Tendons of asymptom-
atic patients displaydecreased vascularity be- 
cause of diminished expression of VEGF, while 
in patients with overused or torn tendons, 
increased VEGF expression and vascularity we- 
re noted. Upon inducing cyclic strain to in vitro 
tendons, upregulation of the angiogenetic ge- 
nes like VEGF-a, VEGF-c and angiopoietin like 4 
(ANGPTL4) and inflammatory genes like TGF-α, 
Sphingosine Kinase-1 (SPHK1) and COX-2 were 
predominant [137, 140]. This suggests a cor- 
relation between mechanical burden and the 
angiogenesis associated with RCDs. Kaux et al. 
[141] reported that VEGF-111 (a variant of VE- 
GF) in rat tendons initiates angiogenesis and 
fibroblast proliferation. The increased blood 
flow and angiogenesis in RCD tendon can be 
associated with the persistent pain and dys-
function [142]. Hence, VEGF is not a molecule 
for the long-term activity in tendon, however, 
this warrants an in vivo study to compare the 
long-term and short-term effects of VEGF ap- 
plication or induction of expression in tendon 
microenvironment. 

TGF-β comprises a school of polypeptides that 
play a crucial role in maintaining ECM homeo-
stasis and cellular differentiation. These inclu- 
de TGF-β1, TGF-β2 and TGF-β3 along with bone 
morphogenic proteins and activins. TGF-β pro-
motes fibrosis through the phosphorylation of 
Smad 2/3. Upon activation with TGF-β, the 
phosphorylated Smad 2/3 complex translo-
cates to the nucleus and promotes the tran-
scription of key elements of muscular and ex- 
tracellular matrix components like collagen 1 
and 3 [143]. Apart from Smad signaling, TGF-β 
also activates the Akt/mTOR pathway to induce 
fatty infiltration and fibrosis. Studies, including 
one from our lab, have clearly elucidated the 
role mTOR plays in fatty infiltration of muscles 
[94, 144]. Chan et al. [145] reported different 
roles of TGF-β isoforms where TGF-β3 is supe-
rior in promoting collagen I and III expression 
while TGF-β1 and TGF-β2 exhibits antagonism. 
Also, STAT-6 pathway mediates fibrosis follow-
ing inflammation via TGF-β [146]. Moreover, 
TGF-β inhibition results in defective tendon ten-
sile force [147]. Contrastingly, the expression  
of TGF-β1, TGF-βR1 and TGF-βR2 superfamily 
members is downregulated in chronic RCD ten-
dons compared to healthy controls [148, 149]. 
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Davies and colleagues [150] treated cultured 
rotator cuff tenocytes with TGF-β and TGF-β 
inhibitor (small molecule inhibitor SB431542), 
and reported the effect of TGF-β and its inhibi-
tion on fibroblasts. TGF-β mediated the inhibi-
tion of apoptosis of fibro/adipogenic progeni-
tors (FAP) through the activation of SMAD2 sig- 
naling pathway which is extensively involved in 
tissue fibrosis. The inhibition of FAP apoptosis 
leads to their proliferation and activation with 
resultant tissue fibrosis and fatty infiltration of 
rotator cuff muscles. When the inhibitor was 
applied, apoptosis of FAPs was unopposed wh- 
ich limited the fibrosis and fatty infiltration pro-
cesses [150]. A more tendon-focused study of 
TGF-β is required, since most studies evaluat- 
ed its role in muscles overall or muscles associ-
ated with diseased tendons.

IGF-I growth factor is produced in platelets, 
macrophages and fibroblasts. It functions in 
tendons tofacilitateextracellular matrix deposi-
tion and cell proliferation [151]. IGF-I promotes 
cell proliferation through binding to IGF-1 recep-
tor and activating protein kinase B (PI3K/PKB). 
IGF-1 activation prevents hypoxia-induced apo- 
ptosis and acute tendon injury from a prolonged 
mechanical strain [152, 153]. IGF-1 also acts 
through the AKT/mTORC1 signaling pathway to 
promote cell growth which can also be induced 
through the MEK/ERK signaling pathway [154]. 
The anti-apoptotic effect of IGF-I is mediated 
through AKT signaling pathway, in which AKT 
directly inhibits FoxO thereby downstream apo- 
ptosis [155]. Herchenhan et al. [156] reported 
increased collagen gene expression after local 
injection of IGF-1 in tendons exposed to tensile 
load. Local injection of IGF-I also leads to cell 
proliferation and increased collagen expression 
and minimized the clinical symptoms. However, 
fibrosis can develop in tendons after IGF-I treat-
ment which shows strong fibrotic effect of IGF-I 
[157].

The role of PDGF-BB and bFGF in promoting 
fibroblast proliferation has been widely exam-
ined. Application of these growth factors in ten-
don injury site result in fibroblast proliferation. 
A new population of fibroblasts in the injury site 
eventually leads to ECM remodeling and colla-
gen productionto repair injured tendon [158]. 
Conflicting reports exist in the literature about 
the function of these growth factors in early 
attempts of tendon healing after surgical repair. 

The synergistic effects of these growth factors 
were predominant for fibroblast than individual 
application [159]. However, the local delivery  
of these factors decreased collagen synthesis 
and increased MMP levels [160, 161]. Several 
reports revealed promising results that showed 
that the application of recombinant human PD- 
GF-PP had aangiogenic effect which enabled 
recruitment of tenogenic progenitors [162]. The 
conflicting reports in the literature warrant ca- 
reful and well-controlled studies. To further ex- 
plain the contradicting role of growth factors, 
Sakiyama-Elbert et al. [122] reported that while 
an injured tendon is at rest or experiencing  
minimal amounts of mechanical loading, it re- 
sponds to treatment with these growth factors 
by increasing collagen production and enhanc-
ing ECM remodeling. Interestingly, patients that 
received growth factor treatment for their in- 
jured tendons and returned to the same physi-
cal activity that inflicted the injury are less likely 
to benefit from retreatment. 

Conclusion

Tendon tissueis adapted to translate mechani-
cal load into changes that occur at the mole- 
cular level. The load and its duration determi- 
ne the outcome of such changes where tendon 
ECM plays a significant role. Further underst- 
anding of signaling pathways triggered in res- 
ponse to mechanical burden is necessary to 
advance our knowledge on the modulation of 
tendon tissue responses and activation of re- 
pair responses. Rehabilitation after surgical 
repair warrants a form of mechanical load that 
is necessary for tendons to heal optimally and 
lack of which results in delayed healing and 
repair failure. Changes in mechanical load to 
tendons result in altered responses in tendon 
microenvironment. Imposing mechanical bur-
den to tendon is necessary to understand the 
early pathophysiologic events that lead to irre-
versible tendon damage. Yet, some concerns 
need to be addressed to properly apply me- 
chanical load to tendons. These include: what 
is the best time to start loading application to 
tendons? What is the protocol of loading app- 
lication in terms of the frequency and amount? 
If the disorder is inoperable, how different  
the protocol will be? Is incorporating a physio-
logical range loading protocol before surgery  
an effective way to avoid the need for surgical 
repair? 
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Further investigations specifically involving gr- 
owth factor expression triggered by mechani- 
cal loading need to be conducted. Growth fac-
tors elicit different responses to tendon me- 
chanical loading and the timing when that load-
ing is applied. Manipulating the downstream 
signals and gearing them toward healing effor- 
ts rather than inflammation will help achieve  
an optimum healing tendon microenvironment. 
The two positive outcomes, avoiding surgeries 
for patients with improving quality of life and 
decreasing health care costs, warrant more 
research.
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