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INTRODUCTION 
Extracorporeal shock waves (ESWs) have proven efficacious for the 
treatment of several musculoskeletal disorders (1) including: nonunions; 
calcific tendonitis of the rotator cuff; plantar fasciitis; and Achilles 
tendonitis.  ESWs are pressure waves of very short duration 
(nanoseconds) in which a high amplitude compression peak is followed 
by a lower magnitude tensile (cavitation) wave.  Our understanding of 
the molecular and cellular mechanisms by which ESWs achieve their 
beneficial therapeutic effects is incomplete.  The objective of this study 
was to determine the effects of ESWs on the expression of lubricin in 
tendon and septa, which might be expected to enhance the tribology of 
the tissues. 
 

METHODS 
The effect of ESW dose (viz., energy density) on lubricin expression in 
rat tendons and septa in the distal hind limb was evaluated at 4 days 
post-treatment: “low” dose (0.15 mJ/mm2) and “high” dose (0.4 
mJ/mm2).  This time point was chosen based on previous data on ESW-
induced periosteal cell proliferation in rats (2).  For all animals, the 
contralateral limb served as the non-ESW-treated control.  
Immunohistochemistry, using an anti-lubricin antibody (Rush University 
Medical Center), was performed to determine the distribution of lubricin 
in tissues in the shock focus. 
Twelve rats were divided into two experimental groups based on ESW 
dose.  Focused ESWs were generated using an electrohydraulic shock 
wave sources (OssaTron, high dose, and EvoTron, low dose; 
SANUWAVE, Alpharetta, GA).  The ellipsoid focal zone was 1 cm in 
diameter and 5 cm long.  Animals were treated in one session using 
3000 shocks at the respective energy density, at a firing rate of 4s-1.  The 
amount of lubricin staining in the extracellular matrix (ECM) and 
intracellular (IC) of 10 different tendons and 4 different septa in the 
ESW-exposed region of the hind limb of the rats was evaluated semi-
quantitatively on scales of 0-5. 
 

RESULTS 
None of the immunohistochemical negative control sections showed 
lubricin staining.  Lubricin was consistently seen as a discrete layer on 
the surface of rat articular cartilage positive control samples.  Fresh cut 
surfaces of the tissues, produced during trimming of the samples in 
preparation for paraffin embedment, did not stain for lubricin indicating 
the absence of edge-artifact staining. 
The majority of the non-ESW-treated control tendon and septa samples 
did not stain for lubricin; only a few samples displayed trace amounts of 
lubricin.  Positive immunostaining for lubricin was observed in all of the 
tendons and septa of the low-dose and high-dose (e.g., Fig. 1) ESW-
treated hind limbs.  IC lubricin staining was seen in elongated cells 
resembling fibroblasts.  Every type of tendon and septum responded to 
ESW treatment at low or high dose by an increase in the percentage of 
ECM containing lubricin and the percentage of cells displaying the 
presence of lubricin IC.  In most tendons, there was a clear increase in 
lubricin expression with increasing ESW dose.  Of note was that the 
relative grades for the ECM lubricin content closely paralleled the scores 
for IC lubricin for the tendons and septa.  This was particularly notable 
given the wide range of values for the ECM and IC scores for the 
tendons and septa.  Kruskal-Wallis testing of the non-paired, non-
parametric semi-quantitative lubricin scores for all of the tendons 
combined (Table 1) revealed that ESW dose (comparing 0, 0.15, and 0.4 
mJ/mm2) had a significant effect on the ECM and IC lubricin score in 
tendons (both p-values < 0.0001).  Dose was shown to have a significant 
effect on ECM lubricin score (p-value < 0.0001) and IC lubricin score 
(p-value = 0.0002) in septa (Table 1).  Wilcoxon signed-rank testing of 
the paired lubricin scores for all tissues showed that ESW treatment (low 
dose versus control, and high dose versus control) had a significant 
effect on all tissues (including tendons and septa) in the ECM and IC 
(both p-values < 0.0001).  Mann-Whitney unpaired testing revealed that 
high-dose samples exhibited significantly different lubricin expression 
compared with low-dose samples in tendons IC (p-value = 0.0006) and 
in the ECM (p < 0.0001), but not in the septa, neither IC (p-value = 0.2) 

nor the ECM (p-value = 0.8).  For tendons alone, Wilcoxon signed-rank 
testing revealed a significant effect of ESW treatment on lubricin 
expression in the ECM and IC (both p-values < 0.0001).  And for septa 
only, ESW treatment was also seen to affect lubricin expression in the 
ECM (p = 0.001) and IC (p = 0.003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Lubricin (red chromogen) in high-dose ESW-treated flexor 
digitorum longus (fdl) and transverse intermuscular septum (tis).  
 

Table 1.  Grading of the extracellular matrix and intercellular lubricin (0-5). 
 Control Low-Dose High-Dose 
Extracellular Matrix    

Tendons 0.28 ± 0.08 1.35 ± 0.20 2.82 ± 0.23 
Septa 0.10 ± 0.05 1.15 ± 0.25 1.68 ± 0.46 

Intracellular    
Tendons 0.19 ± 0.06 1.25 ± 0.19 2.19 ± 0.18 

Septa 0.03 ± 0.03 0.85 ± 0.28 1.58 ± 0.43 
 

DISCUSSION 
This is the first study to investigate the effects of ESWs on lubricin 
expression in vivo.  ESW treatment was found to stimulate lubricin 
production in tendons and septa.  While nearly all examined tissues 
showed increased lubricin expression following treatment, the flexor 
digitorum longus and tibialis cranialis tendons (homologous to the 
tibialis posterior in humans), and the transverse intermuscular septum 
exhibited the most dramatic increases in lubricin deposition, both IC and 
in the ECM.  The fact that lubricin was found within the fibroblast-like 
cells of tendons and septa suggests that a substantial amount of lubricin 
was produced locally.  That the ECM content of lubricin paralleled 
closely the IC findings supported the supposition that the source of the 
lubricin in the ECM was the host cells. 
One explanation for our findings may relate to the observations that 
transforming growth factor-β (TGF-β) and bone morphogenetic protein-
7 (BMP-7) stimulate lubricin synthesis (3; 4), and that ESW treatment 
can upregulate TGF-β in tenocytes and several BMPs in select cells (5).  
A second mechanism for the increased lubricin expression involves 
direct stimulation of fibroblasts in tendons and septa from the 
mechanical stress of shock wave treatment and the cavitation process.  
Previous studies have shown that mechanical stimuli regulate lubricin 
expression (6). 
The results provide a basis for the hypothesis that increased lubricin 
deposition in tendons and septa following ESW treatment contributes to 
the beneficial effects of such therapy by enhancing tribology.  However, 
the rationale for this hypothesis is predicated on a lubricating function of 
the lubricin found in the tendons and septa, which needs to be supported 
by future research of the splice variants present. 
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