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Abstract A histologically normal insertion site does not

regenerate following rotator cuff tendon-to-bone repair,

which is likely due to abnormal or insufficient gene

expression and/or cell differentiation at the repair site.

Techniques to manipulate the biologic events following

tendon repair may improve healing. We used a sheep

infraspinatus repair model to evaluate the effect of osteo-

inductive growth factors and BMP-12 on tendon-to-bone

healing. Magnetic resonance imaging and histology

showed increased formation of new bone and fibrocartilage

at the healing tendon attachment site in the treated animals,

and biomechanical testing showed improved load-to-fail-

ure. Other techniques with potential to augment repair site

biology include use of platelets isolated from autologous

blood to deliver growth factors to a tendon repair site.

Modalities that improve local vascularity, such as pulsed

ultrasound, have the potential to augment rotator cuff

healing. Important information about the biology of tendon

healing can also be gained from studies of substances that

inhibit healing, such as nicotine and antiinflammatory

medications. Future approaches may include the use of

stem cells and transcription factors to induce formation of

the native tendon-bone insertion site after rotator cuff

repair surgery.

Introduction

Rotator cuff repair usually requires tendon-to-bone healing,

and prior studies have reported a relatively high rate of

failure of tendon healing following repair [8, 26, 28, 30,

34]. Because of the relatively high failure rate of surgical

repair, there is strong clinical relevance to methods to

improve rotator cuff tendon healing. Numerous animal

studies examining healing between tendon and bone

demonstrate a normal tendon-bone insertion site is not

regenerated following tendon-to-bone repair [11, 31, 55].

Rotator cuff healing occurs by reactive scar formation

rather than regeneration of a histologically normal insertion

site (Fig. 1A–B). The overall structure, composition, and

organization of a normal insertion site do not regenerate.

Specifically, the zone of calcified cartilage does not reform

[31]. The poor healing response likely relates to insufficient

expression of genes that direct formation of the complex

structure and composition of the insertion site.

It is conceivable the structure of the rotator cuff inser-

tion could be reformed following tendon repair if it were

possible to recapitulate the events that occur during

embryonic development. Several factors may explain why

this does not occur during healing of tissues in the postnatal

organism. These include abnormal and/or insufficient

expression of genes that direct insertion site formation,

insufficient numbers of undifferentiated cells at the healing

interface, and excessive loads on the healing tendon

(tendon-bone interface motion). The insufficiency of

appropriate molecular signals (gene expression) and cell

differentiation may occur because of the presence of
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inflammation in the postnatal organism. This review will

explore novel concepts to improve rotator cuff tendon

healing that are based on these factors.

Inflammation plays a critical role in wound healing.

Wounds in the embryo and early fetus are known to heal by

tissue regeneration rather than scar formation, in a process

that has been termed ‘‘scarless healing.’’ The absence of a

substantial inflammatory response in fetal wounds is likely

an important factor in scarless healing. While macrophages

accumulate as part of the inflammatory response to wounds

in the postnatal organism, they do not accumulate in

wounds made in the mouse fetus. The transition stage after

which macrophages accumulate in a fetal wound is coin-

cident with the stage in mouse fetal development after

which wounds heal by scar. This information indicates

inflammation leads to healing by scar tissue rather than

regeneration of phenotypically normal tissue. The rapid

influx of inflammatory cells following rotator cuff tendon

repair may result in cellular and molecular signals that

ultimately lead to fibrosis rather than tissue regeneration.

Given these abnormalities in the cellular and molecular

signals in the healing environment, attention has turned to

methods to augment the biologic response following rota-

tor cuff repair. Because cytokines play important roles in

cell chemotaxis, proliferation, matrix synthesis, and cell

differentiation, these molecules have the potential to

improve rotator cuff tendon healing. For example, a recent

study reported expression of basic fibroblast growth factor

(bFGF), insulin-like growth factor-1 (IGF-1), platelet-

derived growth factor (PDGF), and transforming growth

factor-b (TGF-b) in a rabbit supraspinatus tendon defect

model [39]. There was sequential expression of these

factors in fibroblasts, blood cells, and vascular endothelial

cells. These data demonstrate cytokines play a role in tissue

formation and support the potential for growth factors to

improve tendon healing.

In this review we discuss the results of two separate

studies evaluating rotator cuff repair in sheep using a

mixture of osteoinductive factors (BMP-2–7 and fibroblast

growth factor) and BMP-12 [55]. This is followed by a

detailed review of the current knowledge regarding bio-

logic augmentation of rotator cuff repair healing. We also

review material on tendon-to-tendon healing because

some longitudinal tears require side-to-side tendon repair.

We conclude by discussing speculative approaches to

improvement of rotator cuff biology and repair and we will

identify areas for further study. We have chosen studies for

review that presented significant results and that had

detailed descriptions of study methodology.

Bone Morphogenetic Proteins for Augmentation

of Rotator Cuff Tendon-to-Bone Repair

Because tendon-to-bone healing appears to depend upon

bone ingrowth into the fibrovascular interface tissue and

outer tendon, we hypothesized osteoinductive growth fac-

tors would improve rotator cuff tendon healing. We tested

an osteoinductive bone protein extract derived from bovine

cortical bone [55]. The extract contains bone morphoge-

netic proteins 2–7 (BMP-2–7), transforming growth factor-

b-1–3, and fibroblast growth factor (FGF).

Seventy-two skeletally mature female sheep underwent

detachment followed by immediate repair of the infraspi-

natus tendon to the greater tuberosity using sutures through

bone tunnels. The experimental animals (n = 24) received

the growth factors at the tendon-bone interface using a type

I collagen sponge carrier (Fig. 2). The two control groups

(n = 24 each) consisted of repairs treated with the collagen

Fig. 1A–B (A) Histologic section of a normal supraspinatus tendon

insertion site demonstrates the four zones of a direct insertion: tendon

(T), unmineralized fibrocartilage (U-Fc), mineralized fibrocartilage

(M-Fc), and bone (B). (B) This histologic section of the tendon-bone

attachment site 4 weeks after supraspinatus tendon repair in a rat

model shows the site is characterized by a fibrovascular scar tissue

interface (IF) without formation of an intermediate zone of fibrocar-

tilage between tendon (T) and bone (B).
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sponge carrier alone or no implant. Animals were eutha-

nized at 6 and 12 weeks and the repaired rotator cuff was

evaluated using MRI, plain radiographs, histology, and

mechanical testing. We measured the gap between tendon

and bone at the repair site and the volume of newly formed

bone and soft tissue on the MRI. Mechanical testing was

performed on an Instron machine to measure load-to-fail-

ure of the tendon-bone construct (structural property). We

normalized the data by dividing the load data by the MRI

measurements of tissue volume in order to derive an esti-

mate of the material properties of the healed tendon

attachment site.

Similar to other studies using the sheep model, we found

a gap consistently formed between the end of the repaired

tendon and bone, with reparative scar tissue and new bone

spanning the gap. Thus, in effect this model tests the effects

of growth factors on scar tissue formation in a gap between

tendon and bone. MRI showed the volume of newly formed

bone (p \ 0.05) and soft tissue (p \ 0.05) in the tendon-

bone gap were greater in the growth-factor-treated animals

compared to the collagen sponge control group at both time

points (Figs. 3, 4). There was a fibrovascular tissue in the

interface between tendon and bone, with a more robust

fibrocartilage zone between the bone and tendon in the

growth-factor-treated animals (Fig. 5A–B). The repairs

treated with the osteoinductive growth factors had greater

(p \ 0.05) failure loads at 6 weeks and 12 weeks. How-

ever, when the data were normalized by tissue volume,

there were no differences between groups, suggesting the

growth factor treatment results in formation of poor quality

scar tissue rather than true tissue regeneration (Fig. 6). This

study was the first to demonstrate the possibility of

increasing tissue formation in a tendon-bone gap using a

biologic agent. These results were consistent with previous

studies of the effect of growth factors on tendon and lig-

ament healing that reported formation of new tissue with

inferior material properties [24, 62].

Bone morphogenetic protein-12 (BMP-12), also known

as growth and differentiation factor-7 (GDF-7) and carti-

lage-derived morphogenetic protein-3 (CDMP-3); BMP-13

(GDF-6 and CDMP-2); and BMP-14 (GDF-5 and CDMP-

1) are novel molecules that are expressed at tendon inser-

tion sites during embryonic development [75]. These

Fig. 2 A collagen sponge (arrow) is used as a carrier vehicle to

deliver growth factors to the tendon-bone attachment site in a sheep

infraspinatus repair model (T = tendon, B = bone).

Fig. 3 MR image of the healed tendon-bone interface 6 weeks after

infraspinatus tendon repair to the greater tuberosity in a sheep model

reveals the clear gap between the end of the repaired tendon and bone

(between arrows). The low signal intensity native tendon is easily

distinguished from the fibrovascular scar tissue interface.

Fig. 4 MR image shows robust formation of new soft tissue (between

arrows) in the tendon-bone interface and new bone formation (arrow

heads) at the greater tuberosity 12 weeks after repair with a mixture

of osteoinductive growth factors applied at the tendon attachment site

on a collagen sponge carrier. Compare to the healed attachment site in

an untreated repair in Fig. 3.
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signaling molecules have substantially different biologic

activity compared to the osteoinductive BMPs (BMP-2, -4,

-7) and induce formation of tendon and fibrocartilage. Prior

studies have reported induction of neo-tendon/ligament in

rats when implanted subcutaneously or intramuscularly

[75] improved healing of tendon lacerations in various

animal models with administration of either one of these

three growth factors, as evidenced by superior mechanical

properties relative to untreated controls [3, 4, 23–25, 54,

71] and improved healing after tendon repair [44, 53].

Based on this preliminary work, we have evaluated the

effect of recombinant human BMP-12 (rhBMP-12) in

rotator cuff tendon-to-bone healing in the sheep infraspi-

natus repair model. The rhBMP-12 was tested using various

delivery vehicles (hyaluranon paste, hyaluranon sponge,

absorbable type I collagen sponge, and type I/III collagen

sponge) using eight animals per treatment. The type I/III

collagen sponge alone was evaluated in 10 sheep (treated

control), and another 14 sheep underwent the tendon repair

with no implant (untreated control). The model consisted of

complete detachment and subsequent double-row suture

reattachment of the infraspinatus tendon to the proximal

humerus. Radiographic, mechanical testing, and biochem-

ical evaluations were performed at 8 weeks, and ultrasound

imaging was performed at 4 and 8 weeks. The rhBMP-12-

treated repairs had increased load-to-failure and stiffness

compared to the sponge carrier alone or untreated repairs.

Repairs treated with rhBMP-12/type I collagen sponges

were three times stronger (p \ 0.0001) than untreated

repairs after 8 weeks, while the rhBMP-12/hyaluronan

sponge was 2.1 times stronger (p = 0.01) than untreated

repairs. Repairs treated with rhBMP-12/type I/III collagen

sponge were 2.4 times stronger (p = 0.0004) than repairs

treated with this collagen sponge alone. Repairs treated with

rhBMP-12 in a hyaluronan paste were similar to untreated

repairs, likely due to shorter BMP-12 retention times. The

stiffness for repairs treated with rhBMP-12/type I or type I/

III collagen sponges were 2.1 times greater (p \ 0.0003)

than untreated repairs, while the stiffness for repairs treated

with rhBMP-12/hyaluronan sponge were 1.7 times greater

(p = 0.025) than untreated repairs. Ultrasound evaluation

demonstrated a gap (10–18 mm) between the tendon and

the bone in all repair groups at both time points, with no

differences between groups. Histologic evaluation sug-

gested reestablishment of collagen fiber continuity between

the bone and the fibrovascular interface scar tissue, with

Fig. 5A–B A histologic section shows fibrovascular tissue in the

interface (IF) between tendon and bone at 6 weeks, with a more

robust fibrocartilage interface zone between the bone (B) and tendon

(T) in the (A) growth-factor treated animals compared to (B) controls

that received the collagen sponge alone. The arrow indicates the

direction of pull of the tendon.

Fig. 6 The ultimate load-to-failure was higher in the animals treated

with the osteoinductive growth factors; however, when the data were

normalized by tissue volume there were no differences between

groups. Figure reprinted with permission and � The Journal of Bone

and Joint Surgery, Inc. from Rodeo SA, Potter HG, Kawamura S,

Turner AS, Kim HJ, Atkinson BL. Biologic augmentation of rotator

cuff tendon-healing with use of a mixture of osteoinductive growth

factors. J Bone Joint Surg Am. 2007; 89:2485–2497.
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increased glycosaminoglycan content in the rhBMP-12-

treated repairs. There was a positive correlation between the

glycosaminoglycan content of the repairs and the maximum

load. These results suggest rhBMP-12 may play an impor-

tant role in efforts to improve rotator cuff repair healing.

Literature Review

The Role of Inflammation on Tendon-Bone Healing

Using a rodent model to examine the temporal and spatial

pattern of accumulation of hematopoietic lineage cells in

the early phase of tendon-to-bone healing, we found neu-

trophils, recruited phagocytic macrophages, and resident

anabolic macrophages accumulate sequentially in the

healing tendon graft, with progressive cell ingrowth from

the interface towards the inner tendon [37]. Neutrophils

and recruited macrophages were seen in the tendon-bone

interface 4 days after surgery, while resident macrophages

were not present until 11 days, consistent with a proin-

flammatory stage in the early healing period transitioning

to a proregenerative stage as healing progresses. The

infiltrating macrophages likely contribute to the formation

of a fibrous scar tissue interface rather than a normal

insertion site by producing inflammatory cytokines.

A recent study investigated the role of proinflammatory

(IL-6) and antiinflammatory (IL-4) cytokines in tendon

healing by creating a full-thickness partial patellar tenot-

omy in IL-6 and IL-4 knockout mice [42]. The tendons in

the IL-6 knockout mice displayed lower material properties

when compared to control and IL-4 knockout mice

3 weeks postinjury. Although there was upregulation of the

proinflammatory cytokine TNF-a, this compensation was

inadequate to overcome the loss of IL-6 as both collagen

fiber continuity and mechanical properties were decreased

when compared to control and IL-4 knockout mice.

Alternatively, at the earlier observation points, the tendons

in the IL-4 knockout mice exhibited superior material

properties when compared to control and IL-6 knockout

mice, with improved collagen fiber organization when

compared to control mice at 6 weeks postinjury. This study

is meaningful because it suggests some inflammatory

response is required to initiate repair of injured tendon,

with an intricate interplay between proinflammatory and

antiinflammatory cytokines in early tendon healing.

In a rat supraspinatus tendon overuse injury model,

mRNA expression levels of inflammatory markers five-

lipoxygenase-activating protein (FLAP) and COX-2 were

initially increased at 3 days, decreased by 1 week, peaked

at 8 weeks, and decreased by 16 weeks of overuse [52]. As

for angiogenesis, VEGF (vascular endothelial growth fac-

tor) and vWF (von Willebrand factor) were maximally

increased at 3 days and expressed for up to 16 weeks,

indicating new blood vessel formation occurs very early in

the time course of overuse injury. These results suggest the

elevation of inflammatory and angiogenic markers after

mechanical overload may be responsible for the eventual

tendon degeneration and inferior tissue quality seen in

rotator cuff tendinopathy. Nonsurgical interventions could

be designed to modify this biological response in hopes of

decreasing the progression of tendon degeneration.

The Role of Cytokines on Rotator Cuff

Tendon-to-Bone Repair

Cytokines are active at various stages of the healing pro-

cess and work with other signaling molecules. They can

influence cell chemotaxis, proliferation, differentiation, and

matrix synthesis by way of autocrine or paracrine signal-

ing. In a rat model of rotator cuff repair, delivery of cells

expressing PDGF-b with a polyglycolic acid scaffold

showed restoration of normal crimp patterning and colla-

gen bundle alignment compared to suture repair only [70].

Other studies support the role of cytokines in tendon repair.

In a rat patellar tendon defect model, there was an

increased proliferative response when PDGF-BB was

supplemented on Day 3 after surgery by way of microsy-

ringe injection, whereas supplementation on Day 7

improved peak load and pyridinoline content after admin-

istration of the highest dosage of PDGF [12]. These studies

demonstrate improved healing with cytokines is dependent

on the dosage, timing, and delivery vehicle used. It is

unlikely any one single factor will have an important effect

when used in isolation. Rather, it seems more probable

numerous factors (such as an autologous bone marrow-

derived cascade) will produce the desired clinical effects.

PDGF can also be isolated from autologous blood.

Platelets contain several cytokines that play important roles

in initiating the early healing response in bone and tendon.

These cytokines include bFGF, TGF-b, IGF-1,2, VEGF,

and PDGF. Using a rotator cuff defect model in rats, the

addition of an exogenous fibrin clot at the defect site

exhibited increased cellularity and vascularity, poor col-

lagenous organization, and did not exhibit full defect

closure even at 12 weeks [66]. By 3 weeks after injury the

fibrin-clot-treated animals had inferior maximum stress and

total specimen modulus with respect to the untreated defect

animals. It was believed application of the exogenous clot

might interfere with natural clot formation and interfere

with the healing process.

Currently there are commercially-available systems to

create a ‘‘platelet-rich plasma’’ (PRP) or ‘‘platelet gel’’

from autologous blood. Autologous blood is spun through a

simple centrifugation process to form a dense, suturable
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fibrin matrix that can be easily placed directly at the tendon

repair site. We are currently conducting a prospective,

randomized, patient-blinded study to evaluate the effect of

a platelet-rich fibrin matrix placed at the rotator cuff tendon

attachment site. Tendon healing will be evaluated directly

using ultrasonography to identify recurrent tears or failed

healing, as well as the thickness of the tendon at the

attachment site.

The Role of Bone Morphogenetic Proteins-12, -13,

and -14 for Cuff Tendon-to-Bone Repair

Our findings using BMP-12 discussed above are supported

by prior studies that have evaluated bone morphogenetic

proteins-12, -13, and -14. Injection of recombinant ade-

novirus mediated-BMP-12 into a complete flexor digitorum

profundus tendon laceration and repair model in chickens

resulted in a two-fold increase in tensile strength and

stiffness of the repaired tendons 4 weeks after surgery [44].

In a supraspinatus tendon defect model in rats, a recent

study reported delivery of rhCDMP-2 (BMP-13) with a

collagen sponge improved maximum loads to failure 4 and

6 weeks after surgery when compared to the untreated

tendons [49]. At 6 weeks the CDMP-2-treated repairs were

approximately 80% as strong as the failure strength for

unoperated supraspinatus tendons.

Further support for the role of these signaling molecules

comes from studies demonstrating their absence delays

tendon healing. Repaired Achilles’ tendons in mice defi-

cient in GDF-5 (BMP-14) took approximately 7 days

longer to achieve similar peak cell density, glycosamino-

glycan content, collagen content, collagen fibril size, and

revascularization compared to phenotypically normal

control littermates [13]. These histologic, biochemical, and

ultrastructural findings paralleled the inferior structural

properties exhibited by GDF-5-deficient Achilles’ tendons

when compared to control tissue at 5 weeks after surgery.

CDMP-1 (BMP-14) is localized predominantly in the torn

edge and in the bursal side in human patients with full-

thickness rotator cuff tears [50]. This finding suggests the

cells in the torn rotator cuff are capable of producing this

signaling molecule responsible for tendon formation, but

questions remain regarding what role, if any, CDMP-1

plays in the healing of injured rotator cuff.

Angiogenesis in Rotator Cuff Tendon-Bone Healing

It is well-established the rotator cuff tendon is hypovas-

cular in the ‘‘critical zone’’ adjacent to the distal insertion

site. Recent work from our institution using contrast-

enhanced power Doppler sonography allowed for

evaluation of vascularity following rotator cuff repair [22].

There was increased vascularity immediately following

surgery, followed by a decrease in vascularity over time.

The most robust vascular flow was observed at the peri-

tendinous region, while the lowest vascularity was at the

anchor site or cancellous trough. Augmentation with bio-

logic factors at this anchor site may improve the quality of

tendon-bone healing.

With use of orthogonal polarization spectral imaging, it

was possible to visualize and quantify in vivo the microcir-

culation of the rotator cuff during arthroscopic surgery [7].

Eleven patients with a degenerative rotator cuff lesion had

less functional capillary density at the edge of the rotator cuff

lesion compared to the unaffected tendon insertion zone near

the greater tuberosity. These findings were corroborated with

immunohistochemical staining with monoclonal antibodies

for the endothelial surface marker CD31. This study provides

additional evidence for the relative hypovascularity near the

critical area of degenerative tendon lesions.

Several cytokines are known to have a potent angiogenic

effect, including VEGF and bFGF. No studies have directly

evaluated the role of these molecules in rotator cuff repair.

However, several modalities that appear effective for

rotator cuff repair may act via increased vascularity at the

repair site. For example, a recent prospective, randomized,

double-blinded, placebo-controlled clinical trial reported

topical glyceryl trinitrate improved pain scores, muscle

force, and activities of daily living in individuals with

rotator cuff tendonitis [51]. Although the mechanism

responsible for the positive clinical effect is unknown,

nitric oxide (the active metabolite contained in topical

glyceryl trinitrate) is a potent local vasodilator known to

improve blood flow to tissues.

Physical modalities such as low-intensity pulsed ultra-

sound (LIPUS) and shock wave treatments affect local

vascularity and may improve tendon healing. This modality

augments fracture healing and bone formation, and pro-

motes earlier bone formation and trabecular bone expansion

at the patellar tendon-patella healing junction after partial

patellectomy in rabbits [45, 56]. In an ovine ACL recon-

struction model, this modality increased cellular activity at

the tendon-bone interface, improved local vascularity and

tendon-bone integration, and improved mechanical proper-

ties at the healing tendon-bone interface [73]. These studies

indicate rotator cuff tendon healing may be improved by

methods that increase local repair site vascularity.

The Role of Matrix Metalloproteinases in Rotator Cuff

Repair

Matrix metalloproteinases (MMPs) are zinc-dependent

proteases capable of degrading extracellular matrix
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proteins such as collagen and elastin, and MMP activity is

not only integral to wound healing but also to tissue

development and graft remodeling. Despite their role in

connective tissue healing, there are few studies on the role

of MMPs in tendon-bone healing. In a study of matrix type-

1 MMP (MT1-MMP) gene deficiency, knockout mice

developed severe arthropathy and the joints in these ani-

mals had ‘‘ghost cartilage’’ present at sites of ligament

insertion into cartilage and bone [35]. MT1-MMP expres-

sion was also noted at the tendon-bone interface in 8-day-

old wild-type mice. In a rotator cuff defect model in rab-

bits, MMP-2 was localized to the edges of the tendon

defect and expressed and activated during healing, while

tissue inhibitor of metalloproteinase-1 (TIMP-1) expres-

sion was induced in cells at both the tendon edges and the

reparative tissue [14]. It seems MMP-2 and TIMP-1 play

an important role in the remodeling of a torn supraspinatus

tendon during the healing process.

The Role of Corticosteroids on Tendon-Bone Healing

Subacromial corticosteroid injections are commonly used in

the initial management of rotator cuff disease. Although

these injections may alleviate inflammation and provide pain

relief, there are several reports of spontaneous tendon rup-

tures following the use of local corticosteroid injections [15,

60, 64]. In patients with ruptures of the supraspinatus tendon,

the local administration of a corticosteroid relieved pain but

had no effect in improving shoulder range of motion [18].

However, it is still not known what dosage and number of

injections are safe in the management of rotator cuff disease,

and there is much variability in patient response to cortico-

steroid injection. For example, a randomized, controlled

clinical trial of patients with chronic cuff tendinosis or partial

cuff tear reported subacromial injection of betamethasone no

more effective in improving the quality of life, Neer

impingement sign, and range of motion than xylocaine alone

at 2, 6, 12, and 24 weeks after injection [1].

A recent in vitro study attempted to characterize the

direct effects of corticosteroids on the mechanical proper-

ties and collagen crosslink amount of isolated collagen

fascicles [33]. Incubating rat tail collagen fascicles in either

high or low concentration of methylprednisolone acetate

for 3 or 7 days reduced tensile strength by approximately

45% to 66% compared with saline-treated controls. The

corticosteroid incubation did not affect the intermolecular

crosslinking of the collagen fascicles, suggesting factors

other than crosslinking are responsible for the observed

decrease in ultimate stress to failure. This study has clinical

relevance because corticosteroids may weaken the indi-

vidual collagen fascicles in the injected tendon and make it

more prone to rupture.

Animal models have provided insight into possible

causes for poor tendon healing after local corticosteroid

administration. Several mechanisms for delayed tendon

healing after local steroid injection have been proposed,

including inhibition of tendon cell proliferation, decreased

collagen synthesis, or increased collagen breakdown [5, 38,

58]. A recent study reported dexamethasone inhibition of

rat Achilles’ tendon cell migration paralleled the decreases

in a-smooth muscle actin mRNA and protein expression

levels, providing yet another mechanism for delayed

tendon healing after steroid injection [69]. In a rat infra-

spinatus tendon defect model, a single dose of

methylprednisolone increased the type III-to-type I colla-

gen expression ratio by at least fourfold above the control

level in animals with a tendon defect only, a tendon defect

plus steroid-treatment, and an uninjured tendon plus ste-

roid-treatment [74]. Additionally, 1 week after injection

the steroid-treated animals had softer and duller tendons on

gross observation, while the animals with a tendon defect

or a tendon defect plus steroid treatment exhibited evidence

of granulation tissue and neovascularization at the same

time. It was believed a single dose of corticosteroid does

not alter the acute phase response of an injured rotator cuff

tendon in the rat, but the same steroid dose in uninjured

rotator cuff tendon initiates a short-term alteration in col-

lagen composition similar to that of structural injury. After

local corticosteroid injections in patients, these negative

effects on tenocyte proliferation, migration, and alteration

of extracellular matrix protein expression may cause ten-

don weakening and possibly even spontaneous tendon

rupture.

Effect of Anabolic-Androgenic Steroids

on Tendon-Bone Healing

Anabolic-androgenic steroids (AASs) may be used by body

builders, elite athletes, and recreational sports competitors

to improve strength, muscle hypertrophy, increase training

load capacity, and improve recovery for optimizing athletic

performance. High doses and repetitive use of AASs can

have various adverse effects on multiple organs and sys-

tems including, but not limited to, the cardiovascular,

hepatic, dermatologic, musculoskeletal, reproductive-

endocrine, and even psychiatric [46]. For example, there

have been several reported cases of upper and lower

extremity tendon rupture [17, 19, 43, 61, 63, 72], which

may be caused by increased forces being transmitted from

the hypertrophied musculature to tendon. Anabolic steroids

may alter tendon crimp morphology, which can affect risk

of tendon rupture [40]. On the other hand, there is a

legitimate role for controlled use of AASs as an adjuvant

medical therapy in the treatment of cachexia for patients
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with chronic disease [6]. In orthopaedics, AASs may be

beneficial for fracture healing, soft tissue healing, and

postoperative rehabilitation [21]. In a rabbit model AASs

reduce immobilization-induced muscle atrophy [65].

Experimental animal models have been used to inves-

tigate the effects of anabolic steroids in the presence of

exercise on biomechanical properties of tendon [36, 48].

These studies demonstrate anabolic steroid use during

exercise produces a stiffer tendon which absorbs less

energy and fails with less elongation. A recent in vivo

study reported AAS treatment can impair Achilles’ tendon

remodeling by down-regulating matrix metallopeptidase

activity, and thus increase the potential for injury [47]. In

an in vitro rotator cuff tendon model, human supraspinatus

tenocytes treated with nandrolone decanoate and subjected

to mechanical load had more organized actin cytoskeleton

and increased collagen matrix remodeling and mechanical

properties [68]. More research is required to determine the

effect of AASs on tendon healing, but this was the first

known study to document the acute effect of anabolic

steroids on human rotator cuff tendon cells. The knowledge

gained from these studies may provide insight into the

biologic effects of anabolic steroids on tendon.

Pharmacologic Agents that Inhibit Rotator Cuff

Tendon Healing

Further insight into the cellular events that initiate and

regulate rotator cuff tendon healing and biological methods

to augment such healing can also be gained from consid-

eration of agents that have an inhibitory effect on healing.

A recent study [27] reported nicotine caused a delay in

tendon-to-bone healing in a rat supraspinatus tendon repair

model. The mechanical properties of the healing tendon-

bone interface in the nicotine group lagged behind those in

the saline control group at all observation points. Maxi-

mum stress was lower in the nicotine-treated group at

10 days. Inflammation persisted longer in the nicotine

group than in the saline control group. Cellular density,

cellular proliferation, and type I collagen expression were

lower in the nicotine group at the early time points. These

biological differences were believed to at least partly

explain the inferior mechanical properties in the nicotine

group and the delay in scar degradation and remodeling.

These findings suggest clinicians should consider asking

patients who are undergoing rotator cuff repair to refrain

from smoking for at least 16 consecutive weeks—8 weeks

prior to and 8 weeks after surgery.

In a controlled laboratory study, nonsteroidal antiin-

flammatory drugs (NSAIDs) inhibited supraspinatus

tendon-to-bone healing in a rat rotator cuff repair model

[16]. Both indomethacin, a traditional nonselective

NSAID, and celecoxib, a cyclooxygenase-2-specific

NSAID, inhibited tendon-bone healing based on gross

observations, histologic, and biomechanical criteria. At the

later observation points, the tendon and tendon-bone

interface tissue in both treatment groups were distinctly

less robust and less organized compared to the control

cohort, and five NSAID-treated tendons completely failed

to heal to bone. When compared to nontreated controls,

both NSAID-treated cohorts demonstrated a poorly orga-

nized tendon-bone interface tissue and osteoclasts persisted

longer in the NSAID-treated animals. There were lower

failure loads in both NSAID-treated groups compared with

the control group at all observation points (Fig. 7). The

inhibition in healing in both NSAID-treated groups sug-

gests cyclooxygenase-2 plays an important role in healing,

and administration of these medications may have detri-

mental effects on tendon-bone healing. We currently

recommend patients refrain from using these medications

for 6 weeks after rotator cuff repair surgery. Further studies

are necessary to provide more evidence about the safe

dosage and timing of NSAID use following rotator cuff

repair.

Effect of Mechanical Load History on Tendon-Bone

Healing

Using animal models, a number of previous studies [9, 29,

32] evaluating the effect of increased or decreased loading

on healing tendons and ligaments have generally suggested

the mechanical properties increase with increased loading,

and decrease with decreased loading. A rotator cuff repair

model in rats was used to study the effect of loading

environment on the healing tendon-bone insertion site [67].

Postoperative activity level was controlled in three groups

Fig. 7 Ultimate load-to-failure was lower (p \ 0.001) in animals

treated with NSAIDs.

Volume 466, Number 3, March 2008 Biology of Rotator Cuff Repair 629

123



through cast immobilization, cage activity, or exercise. The

investigators reported the immobilization group had

increased collagen organization, an increased ratio of type I

collagen to type III collagen (indicative of deceased scar),

increased expression of collagen XII, collagen II, and

aggrecan, and superior viscoelastic properties compared to

the exercise group. These results demonstrate the tendon-

bone healing tissue quality is improved with decreased

loading.

It is also established that mechanical load history plays

an important role in tissue organization. The organization

of newly forming collagen fibrils at the microstructural

level and the overall organization of fiber bundles at the

macrostructural level are likely determined in large part by

mechanical load history. The complex structure and orga-

nization of the tendon-bone insertion site where collagen

fibers become anchored into fibrocartilage and then into

bone is likely dependent upon appropriate mechanical

signals; however, very little is currently known about the

exact type and magnitude of load that will lead to optimal

restoration of tissue organization at the healing tendon

attachment site.

Excessive loading across the healing insertion site may

cause microdamage at the interface, ultimately preventing

collagen fiber integration with bone. It is possible tendon-

bone healing may be improved by an initial period of

immobilization followed by later remobilization. There is a

need for an animal model that allows precise control of

postoperative mechanical loading of the repaired tendon-

bone interface.

Future (Speculative) Approaches to Augmentation

of Rotator Cuff Tendon Healing

The Promise of Stem Cells for Rotator Cuff Repair

Bone marrow-derived mesenchymal stem cells (MSCs)

could improve rotator cuff tendon-to-bone repair because

of their capacity for self-renewal and totipotency. There are

currently no published animal studies utilizing stem cells to

augment tendon-bone healing after rotator cuff repair.

However, important information can be gained from

understanding the effect of mesenchymal stem cells on

healing after anterior cruciate ligament (ACL) reconstruc-

tion. In a rabbit model of ACL reconstruction, tendon

grafts coated with MSCs in a fibrin glue carrier demon-

strated large areas of immature fibrocartilage cells at the

tendon-bone junction at 2 weeks [41]. By 8 weeks the

MSC-treated grafts resembled the chondral enthesis of

normal ACL insertions with the presence of a mature zone

of fibrocartilage blending into the adjacent bone and tendon

substance rather than disorganized fibrovascular

granulation tissue. This improvement in tissue quality was

associated with higher failure load and stiffness in the

MSC-treated grafts compared to fibrin glue-treated grafts at

8 weeks after surgery.

The Promise of Transcription Factors in Tendon-Bone

Healing

Embryonic development studies have identified scleraxis

as a potential marker specific for tendons and ligaments [2,

10, 57]. Scleraxis is a basic helix-loop-helix (bHLH)

transcription factor that is expressed in tendons from the

early progenitor stage to the formation of mature tendons in

chick embryos, mouse embryos, and mouse limb tendons,

suggesting scleraxis might regulate the tendon cell fate.

Using the scleraxis gene as a tendon cell marker, tendon

progenitors in the proximomedial limb bud mesenchyme

appear induced by ectodermal signals and restricted by

bone morphogenetic signaling within the mesenchyme

[57]. Recent studies reported tenomodulin (a novel type II

transmembrane glycoprotein) is upregulated in tenocytes

during chick development by scleraxis, and the loss of

tenomodulin expression in gene-targeted mice leads to

reduced tenocyte density, decreased tenocyte proliferation,

and altered tendon ultrastructure [20, 59]. This suggests

tenomodulin promotes tendon cell proliferation and colla-

gen fibril maturation, and may be used as a late marker of

tendon formation.

Discussion

There appears strong potential for augmentation of rotator

cuff tendon healing using biologic agents and methods. We

have reviewed preclinical data demonstrating several dif-

ferent approaches that may prove valuable in improving

rotator cuff tendon healing. We have explored novel con-

cepts relating to molecular signals (gene expression) and

cell differentiation at the healing tendon-bone interface.

Deficiencies in the cellular and molecular aspects of

healing may occur because of the presence of inflammation

in the postnatal organism.

There are important limitations in knowledge that cur-

rently limit the clinical application of various biologic

approaches to augment rotator cuff tendon healing. Much

more information is required to understand the role of

inflammatory cells and mediators in the healing process. It

is likely that signals produced by inflammatory cells soon

after surgical repair play an important role in the initiation

and regulation of the healing process; however, further

information is required to identify how these signals con-

trol healing.
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One of the most important limitations in current

knowledge relates to the effect of mechanical load on

tendon-to-bone healing. There is currently very little

information available about the effect of timing, magni-

tude, and type of mechanical load on tendon-to-bone

healing. Development of an appropriate animal model to

test the effects of mechanical load application on tendon-

to-bone healing will provide insight into improving post-

operative physical therapy prescription.

Cytokines clearly have the potential to improve cell

proliferation and differentiation, neovascularization, and

matrix synthesis at the healing tendon-bone interface. One

of the principal challenges to the use of cytokines and

growth factors is the identification of optimal delivery

vehicles that will localize the factor to the repair site for a

relevant length of time and appropriate concentration. The

ideal delivery vehicle may also serve as a scaffold to

support the reparative response. Gene therapy techniques

hold promise for cytokine delivery, as the gene for the

molecule of interest could be transfected into cells that are

subsequently delivered to the repair site. Further study is

required to identify the optimal dose and timing of cytokine

administration. It is likely healing will be optimized by a

combination of cytokines, and further study is required to

identify the types and timing of cytokines that will improve

tendon healing.

Stem cells also have great potential for biologic aug-

mentation of healing. These pluripotential cells can be

differentiated into relevant cell types at the repair site by

stimuli present (or delivered) in the local environment.

However, much basic information is still required to

identify the specific signals (chemical and/or physical) that

control stem cell differentiation. Further study is also

required to identify the optimal method to deliver stem

cells to the repair site.

In summary, there appears strong potential for novel

approaches to improve the biology of rotator cuff tendon

repair. Osteoinductive cytokines can improve bone for-

mation at the healing tendon-bone interface. Bone

morphogenetic protein-12 increases fibrocartilage forma-

tion at the healing tendon-bone interface, leading to

improved tendon load to failure. Future approaches to

improve tendon healing may include use of stem cells

and transcription factors. Healing may also be improved

by manipulation of factors that are known to inhibit

healing, such as inflammatory cells, inflammatory medi-

ators, and MMPs. Finally, manipulation of the

mechanical load history on the healing tendon-bone

interface may improve healing and decrease the rate of

incomplete and failed healing. Further studies in these

areas will lead to clinical application of techniques and

methods to ultimately improve the outcome of repair for

our patients.
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