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Abstract Symptomatic tendon tears are one of the most

important causes of pain and joint dysfunction. Among the

intrinsic causes, vascularization recently gained a major

role. Endothelial function is indeed a key factor, as well as

vascular tone and thrombotic factors, in the regulation of

vascular homeostasis and the composition of vascular wall.

In this review, we studied systematically whether there is a

relationship between endothelial dysfunction and tendin-

opathy. A literature search was performed using the iso-

lated or combined keywords endothelial dysfunction and

tendon,’ ‘nitric oxide (NO) and tendinopathy,’ and ‘endo-

thelial dysfunction in tendon healing.’ We identified 21

published studies. Of the selected studies, 9 were in vivo

studies, 2 focusing on animals and 7 on humans, while 12

reported about in vitro evaluations, where 7 were carried

out on humans and 5 on animals. The evidence about a

direct relationship between tendinopathy and endothelial

dysfunction is still poor. As recent studies have shown,

there is no significant improvement in clinical and func-

tional assessments after treatment with NO in patients

suffering from tendinopathy in different locations. No

significant differences were identified in the outcomes

reported for experiment group when compared with con-

trols treated with conventional surgical procedures or

rehabilitation programs. Nitric oxide could be a marker to

quantify the response of the endothelium to mechanical

stress or hypoxia indicating the final balance between va-

sodilatating and vasoconstricting factors and their effects,

but more ad stronger evidence is still needed to fully

support this practice.

Keywords Tendinopathy � Endothelial dysfunction �
NO � Nitric oxide

Introduction

Musculoskeletal injuries related to overuse are common in

tendons of the rotator cuff, lateral epicondyle of the elbow,

patella, and Achilles [11]. Essentially, tendinopathy is a

condition of impaired healing response to stress, in which

tenocytes degeneration and collagen fibers disruption

weaken the overall tendon structure. Evidences showed

how load and microinjury of the Achilles tendon structure

from continuous involvement can result in a partially

damaged tendon where the injured portions unload and the

remaining intact portions consequently bear most of the

force applied [36]. Also the optimum treatment of com-

plete rupture of Achilles tendon has not been established

yet, the most frequently ruptured tendon in the human body

[22, 35].

Symptomatic rotator cuff tears cause severe pain and

disability of the shoulder [7, 14, 23, 29, 32]. Emerging
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concepts highlight that cuff tendinopathy, and eventually

tendon tears, could be the result of an abnormal inflam-

matory status and unbalanced enzymatic cascades within

the tissue involved [1, 4]. Extrinsic causes such as repeti-

tive microtrauma in overhead athletes and subacromial

impingement in older individuals also play a role in the

pathogenesis of this multifactorial condition [2, 16], due to

the altered cellular metabolism in association with aging

processes (degeneration [1], abnormal apoptosis [2], and

chronic inflammation [8]). Based on the concept of ‘critical

area’ of the supraspinatus described by Codman, hypo-

vascularization may predispose to the development of

tendinopathy [3]. As shown by the analysis of microvas-

cular systems carried out in recent years [37], endothelial

function is regulated by a finely balanced equilibrium

between vasorelaxing and vasoconstricting mediators [10,

28]. In this context, nitric oxide (NO) has been investigated

as having an important role in these processes: NO is an

endothelium-derived vasodilator factor which reduces the

release of vasoconstrictor reactive oxygen species [28],

reacts with toxic superoxides, and stimulates the produc-

tion of peroxynitrites, free radicals, eventually predispos-

ing to endothelial dysfunction.

We systematically review the published literature

regarding the association between endothelial dysfunction

and rotator cuff disease to try and answer the following

questions: (1) Which factors are involved in endothelial

dysfunction and what is the correlation between this

condition and tendinopathy? (2) How is it possible to

diagnose an endothelial dysfunction? (3) Can our

understanding be helpful to manage and prevent rotator

cuff disorders?

Methods

Search and study selection

We searched for relevant published studies in Pubmed,

Medline, Ovid, Google Scholar, and Embase databases

using the isolated and combined keywords ‘endothelial

dysfunction and tendon,’ ‘NO and tendinopathy,’ and

‘endothelial dysfunction in tendon healing,’ with no limit

for the year of publication (Fig. 1). We included studies in

English, Spanish, French, and Italian, published in peer-

reviewed journals, reporting data on clinical and functional

outcomes of patients with tendinopathy. Biomechanical

reports, studies on animals, cadavers, in vitro or animal

studies, and case reports were included. Literature reviews,

technical notes, letters to editors, and instructional course

were excluded. Two authors (RP and EA) independently

assessed the full-text version of each publication, selecting

on the basis of its content and excluding papers without the

specific content. The reference lists of the selected articles

were fully reviewed by hand to identify articles not

included at the first electronic search. Considering all the

journals, we first identified 46 articles coherent with the

topic at hand. After primary selection excluding studies not

reporting about tendon pathology, all the authors retrieved,

reviewed, and discussed 24 articles, excluding 14 studies

reporting outcomes of patients with tendon repair without

specific discussion on the role of endothelial dysfunction in

the pathogenesis of tendinopathy. At the end of the study

selection process, 21 relevant publications were included.

Two authors (RP and EA) assessed and extracted data

independently from each article.

Fig. 1 Process of inclusion of

the studies
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Results

We selected 21 studies: 9 were in vivo studies, 2 focusing

on animals and 7 on humans, while 12 reported about

in vitro evaluations, where 7 were carried out on humans

and 5 on animals.

In vivo animal studies (Table 1)

Szomor et al. [33] recorded a fourfold increase in the

expression of endothelial nitric oxide synthase (eNOS) and

inducible nitric oxide synthase (iNOS), and an almost 3

time increase in neuronal nitric oxide synthase (nNOS) in

supraspinatus tendons subjected to an overuse protocol,

and a basal expression of these isoforms in control tendons.

The role of NO in healing process was investigated by

Xia et al. [39] which, at 7 days from Achilles tendon sur-

gery, observed that the healing process in iNOS gene

knockout (iNOS -/-) mice was comparable to that

observed in wild-type (iNOS ?/?) mice. In cross-section

analyses, the iNOS -/- mice group treated with amino-

guanidine (AG), a competitive nitric oxide synthase

inhibitor, had a healing area 20 % lower than that observed

in the other tendons. On the other hand, the serum nitrate

concentrations of both the iNOS -/- mice group and the

iNOS -/- mice with AG group were noticeably lower

than that in iNOS ?/? mice group.

In vivo human studies (Table 2)

Administration of glyceryl topical trinitrate (GTN) for

more than 3 months was shown to be effective in patients

with supraspinatus tendinopathy, apparently because of the

increased production of NO [26]. In a prospective ran-

domized study, the application of GTN patches for

24 weeks markedly improved pain, range of motion,

strength, impingement-related symptoms, and patient out-

comes confirming that it is useful in this area.

At 12 and 24 weeks, chronic tendinopathy of the Achilles

tendon appeared to benefit from topical glyceryl trinitrate

patch in addition to rehabilitation treatment [25]. After

6 months of treatment, reduction in pain and improved

outcomes were not significantly different when compared to

controls following a standard exercise program [12].

Similar results were obtained by applying the GNT

patches for chronic extensor tendinopathy of the elbow.

Reduction in elbow pain with activity, decrease in epic-

ondylar tenderness, and increase in wrist extensor mean

peak force were shown at 6 months follow-up [27]. After

5 years, data lost significance and patient outcomes became

comparable to those exclusively exercising [15].

Steunebrink et al. [31] recorded similar outcomes in

patients with chronic patellar tendinopathy using a T
a
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combination of GTN patches applications along with

eccentric training in patients when compared to a control

group who blindly applied a placebo patch while following

the same physical rehabilitation program.

In vitro human studies (Table 3)

From the analysis of the nitric oxide synthase isoforms in

17 subacromial bursal samples, significant presence of

eNOS and iNOS mRNA was found in all samples, and

nNOS in 5 of them (29.4 %) [34].

In 14 patients undergoing rotator cuff repair, the stim-

ulation of the tendon cells in culture with exogenous NO

(SNAP) and iNOS gene carrier followed by enzymatic

inhibition showed that low doses of NO positively influ-

ence the fibroblastic synthesis of collagen, while high doses

inhibit it [38]. Murrel et al. [19] demonstrated that oxygen

free radicals, whose values are strictly modulated by con-

centration of NO, may modulate the growth of fibroblasts

in vitro, with increased cell density and cell size when the

concentration of free radicals is low, and evidence of cel-

lular damage when the concentration is high.

In patients with early–moderate tendinopathy of the

supraspinatus tendon, inflammation may be dangerous,

especially when mediated by mast cells. When mechanical

stresses are applied, pro-inflammatory factors such as

cytokines, oxygen free radicals, and proteases may induce

tissue to a failed healing response which is considered to be

the main pathogenetic factor in the development of tendon

conditions. By the way, mast cell degranulation should

release vasoactive and angiogenic factors contributing to

the healing process; however, in severe tendinopathy, the

concentration of inflammatory cells is high indeed while

vascularization is shown to be insufficient to carry healing

mediators on site [16].

In a study on 27 patients with subacromial impingement

and partial to full thickness rotator cuff tears, the expres-

sion of HIF-1a, a transcription factor characteristic of the

hypoxic environment, and Bnip3, a regulator of the HIF-1a

proapoptotic protein, were analyzed in immunohisto-

chemistry. The presence of fragmented DNA, common

when apoptosis occurs, was often found local tissue sam-

ples demonstrating how this process is significantly

increased in tendinopathy. Apoptosis involves fibroblasts

or fibroblast-like cells, which ordinarily synthesize extra-

cellular matrix, resulting in a hypoxic environment with

impaired collagen synthesis. Therefore, hypoxia could

regulate apoptosis by increasing its rate, especially in

severe tendinopathy. The detection of increased hypoxic

markers in the early stages of tendinopathy proved that

hypoxia is involved in the regulation of apoptosis, probably

as a consequence of the release of factors involved in

reparative and degenerative pathways of the tendon [2].

Therefore, in hypoxic conditions, a dynamic balance

between proapoptotic and anti-apoptotic mediators is cru-

cial in the healing process [17].

Kane et al. [12] proved that neovascularization stimu-

lation of wound fibroblasts and collagen synthesis was not

found in patients exposed to GTN therapy. Also, the

modulation of expression of NOS isomers was the same in

the placebo group sample.

In vitro animal studies (Table 4)

Also in animal models, morphological, biomechanical, and

immunohistochemical evaluations have demonstrated how

the synthesis of NO is induced during the reparative phase,

and basal low concentrations are present in normal tendons

[20]. It is not clear which cells are responsible for NO

overproduction. This induction occurs in the early stages of

repair, which are markedly impaired when enzyme activity is

inhibited.

The mRNA expression of all 3 NOS isoforms was

assessed after surgery on Achilles tendons of male rats,

showing significant increased levels of mRNA in healing

tendon. Fibroblasts and macrophages are likely to be markedly

involved in the production of NO, containing all the 3 isoforms.

bNOS, a known central nervous system mediator, has been

found in fibroblasts and is involved in wound repair. iNOS

mRNA increases 4 days after the injury and gradually

decreases thereafter. The peak of eNOS is at 7 days from injury;

bNOS reaches its peak 21 days after the injury, but basal levels

of all three enzymes were present in the control animals [13].

Supply of NO through NO-paracetamol application had

beneficial effects on rat Achilles tendon healing by

improving the amount of collagen and the material prop-

erties of the healing constructs and promoting better col-

lagen reorganization [21].

As pro-inflammatory cytokines are upregulated when

oxidative or other stresses occur, the increased expressions

of IL-18, IL-15, and IL-6 in supraspinatus tears induce to

hypothesize that these cytokines may modulate apoptosis:

IL-18 stimulates the production of NO and counteracts the

action of IL-15 and IL-6 which are anti-apoptotic factors.

All mentioned cytokines induce the production and release

of reactive oxygen species which influence negatively the

healing of the tendon and, supposedly, can exacerbate

apoptosis in overload conditions. By activating cytokines,

apoptotic factors, and oxygen free radicals, this process

may result in the tendon rupture [18].

Discussion

Although vasodilators and vasoconstrictors factors, finely

balanced, regulate the physiological function of the
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d
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b
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d
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p
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d
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e
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t
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T
a

b
le

3
co

n
ti

n
u

ed

A
u

th
o

rs
P

at
ie

n
t

M
ed

ia
n

ag
e

(y
ea

rs
)

T
en

d
in

o
p

at
h
y

S
am

p
le

C
o

n
tr

o
l

g
ro

u
p

sa
m

p
le

P
ar

am
et

er
ev

al
u
at

ed
C

o
rr

el
at

io
n

E
v
id

en
ce

s
T

h
er

ap
y

o
r

p
re

v
en

ti
o

n

M
il

la
r

et
al

.

[1
6
]

2
0

5
7

R
o
ta

to
r

cu
ff

te
n

d
in

o
p

at
h
y

S
u

p
ra

sp
in

at
u
s

te
n

d
o

n

2
0

S
u

b
sc

ap
u

la
ri

s

te
n

d
o

n
?

1
0

su
b
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ap

u
la

ri
s
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n

d
o

n
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ll
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te
d
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o

m
p

at
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n
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w
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h
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o
u
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il

it
y

u
n

d
er

g
o

in
g

ar
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ro
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o
p
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st
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il
iz

at
io

n

su
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er
y

(1
)

In
fl

am
m

at
o
ry
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ll

;

(2
)

v
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cu
la

r
ch

an
g

es

A
n

in
fl

am
m

at
o

ry
ce

ll

in
fi

lt
ra

te
is

d
et

ec
ta

b
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in

ea
rl

y
m

il
d

/m
o

d
er

at
e

h
u

m
an

su
p

ra
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in
at

u
s

te
n

d
in

o
p

at
h

y
.
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p
ar

ti
cu

la
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le
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e

o
f

v
as

o
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ti
v

e
an

d

an
g

io
g

en
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m
ed

ia
to
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,
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ro

u
g

h
d

eg
ra

n
u

la
ti

o
n

o
f

m
as

t
ce

ll
s,
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n

co
n

tr
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u
te

to
a

‘s
tr

es
s-

in
d

u
ce

d
’

te
n

d
in

o
p

at
h

y
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u

se
d

b
y

an
al

te
re

d

b
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an
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et

w
ee

n
re

p
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r

an
d

d
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en
er

at
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n

T
h

er
e

is
an

in
v

er
se

re
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o
n
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b
et

w
ee

n

ro
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to
r
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ff

te
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si
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th
e

to
rn

su
p
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in

at
u
s
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n

d
o

n
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m
p
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s

an
d

in
fl
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m

at
o

ry
ce
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in
fi
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te
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d
v

as
cu

la
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E
ar
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su
p

ra
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in
at

u
s

te
n

d
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o
p

at
h
y

m
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h
t

b
e
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te
d

w
it

h
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-
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en

t

B
en

so
n
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.
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]

2
7

N
o

t re
p

o
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ed
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p

in
g
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en

t
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d

te
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s
o

f

th
e

ro
ta

to
r
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u
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u
s
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o

n

3
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u
b
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u
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s
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n

d
o

n
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ll
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te
d
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o

m
p

at
ie

n
ts

w
it

h
sh

o
u
ld

er

in
st
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il

it
y

H
IF

-1
a

an
d

B
n

ip
3

ex
p

re
ss

io
n

E
x
ce

ss
iv

e
ap

o
p
to

si
s

is
o
n
e

o
f

th
e

p
ri

m
ar

y
ca

u
se

s
o

f

te
n

d
in

o
p

at
h

y
an

d
p

ro
-

ap
o

p
to

ti
c

g
en

es
ar

e

u
p

re
g

u
la

te
d

in
to

rn

h
u

m
an

su
p

ra
sp

in
at

u
s

te
n

d
o

n
.

H
IF

-1
a

w
as

ex
p

re
ss

ed
in

al
l

sa
m

p
le

s.
B

N
ip

3

ex
p

re
ss

io
n

w
as

si
g

n
ifi

ca
n

tl
y

in
cr

ea
se

d
in

al
l

ty
p
e

o
f
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s
b

u
t

w
as

re
d

u
ce

d
in

m
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v

e
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ar
s.

A
s

re
g
ar

d
s

ap
o

p
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s,

it

w
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in
cr

ea
se

d
in

al
l

te
ar

s

ex
ce

p
t

in
p

ar
ti

al
te

ar
s

A
t

th
e

ti
m

e
o

f

re
p

ai
r,

m
o

d
u

la
ti

o
n

o
f

p
ro

-
an

d
an

ti
-

ap
o

p
to

ti
c

p
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te
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s

p
ro

d
u
ct

io
n

m
ig

h
t

b
e

u
se

d

to
st

im
u

la
te

a

g
re
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er

h
ea

li
n

g
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o
n

se

M
il

la
r

et
al

.
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o
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d
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b
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at
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p
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p
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d
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p
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b
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p
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m
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at
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b
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b
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ro
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b
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o
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p
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p
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p
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p
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T
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p
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l

et
al

.
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ra
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at
io

n
;

(4
)

n
it

ri
c

o
x

id
e

sy
n

th
as

e
ac

ti
v

it
y

D
u

ri
n

g
A

ch
il

le
s

te
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d
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h

e
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u
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p
la

ce
b

o
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p
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T
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d
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n
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o
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n
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b
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o
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at
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u
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es

s
o

f

th
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A
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n
d
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E
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o
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d

it
io

n
o

f
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O
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at
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u
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d
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b
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g
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o
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n
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A
d

d
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u
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p
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ra
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p
er

ti
es

o
f

th
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p
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vascular bed, the mechanism of the endothelial dysfunction

is still unknown. This condition is characterized by an

inadequate response of the vessels to vasodilator agents,

and high levels of vasoconstrictors such as angiotensin II,

endothelin, and oxygen species (ROS) [32].

(1) Which factors are involved in endothelial

dysfunction and what is the correlation between this

condition and tendinopathy?

The production of NO, an endothelium-derived vasodilator,

is induced when its concentration is low and when the

balance between vasodilator and vasoconstrictors factors

shifts in favor of the latter. This molecule prevents that

subunits assemble themselves in a major enzyme which

induces the release of ROS, and reacts against the factors

produced by this enzyme. ROS is strictly involved in the

development of this dysfunction, probably as mediator of

apoptosis and inflammation. Similarly to what happens in

hypoxia [17], ROS cause oxidative stress, overproduction

of vasoconstrictors, and reduce the levels of NO [5]. As

mechanical overload supposedly predispose to tendinopa-

thy since it is able to induce vascular deregulation, but the

molecular mechanisms underlying are still undefined. In

this scenario, cell degeneration, related to increased acti-

vation of metalloproteinase and cellular apoptosis, and

reparative cascades, with increased collagen synthesis and

cell proliferation, coexist. NO induces repair and adapta-

tion of the tendon tissues when they are exposed to phys-

iological mechanical loads, whereas the over-expression of

NOS isoforms which occurs when the tendon is overused is

supposedly leading to a vicious circle with the final result

of tendon degenerative changes [33], mediated by

increased levels of metalloproteinase [6] and cytotoxicity

[33]. Conversely, when the concentration of NO is low,

angiogenesis and synthesis of collagen, tendon, bone, and

cartilage repair are promoted [20, 26]. The main site where

tendinopathy occurs is therefore a hypovascularized area

with decreased repair potential, often within the supraspi-

natus tendon [30]. Angiotensin II stimulates the production

and release of reactive oxygen species such as ROS and

NO from endothelial cells. Although endothelial dysfunc-

tion may predispose to cardiovascular disease, it is unclear

what is the role that NO plays [9, 28].

(2) How is it possible to diagnose an endothelial

dysfunction from bench to bedside?

To the best of the available knowledge, there are no

indicative markers which make us able to diagnose this

condition with absolute certainty. From the available evi-

dence, NO could be diagnostic for endothelial disorders,

but it is difficult to measure, as well as too expensive

considering the eventual benefit that its measure could

produce. However, it must be noted there are encouraging

results reported on the adjuvant effect of the use of NO in

the healing course of tendon lesions when combined with a

rehabilitation treatment [24, 27, 31].

(3) Can our understanding be helpful to treat

and prevent cuff disorders?

Authors [38] reported that low doses of NO increase the

synthesis of collagen in cultured human tendon cells.

Paoloni et al. [26] showed that topical glyceryl trinitrate

(GTN) application reduces pain and improves range of

motion, force, and symptoms of shoulder impingement

after 6 months of treatment, improving the outcomes of

patients with chronic tendinopathy when combined with

rehabilitation. Since there is no evidence yet that tendon

pathology is directly related to endothelial dysfunction,

although NO does improves clinical and functional out-

comes compared to conventional treatments. The lack of

specific randomized controlled trials and basic science

studies does not allow us to understand whether endothelial

dysfunction is important in the development of

tendinopathy.

In conclusion, when present in low concentrations, NO

works as a vasodilator agent and stimulator of local

response in adaptation to mild stress conditions. At high

concentrations, it is cause of tissue damage mediated by

reactive oxygen species, activating specific molecular

pathways [19, 38]. Therefore, NO could be a marker to

quantify the response of the endothelium to mechanical

stress or hypoxia indicating the final balance between va-

sodilatating and vasoconstricting factors and their effects,

but more ad stronger evidence is still needed to fully

support this practice.
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