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Protocatechuic acid impacts rotator cuff healing and reduces
fatty degeneration in a chronic rotator cuff tear model in rats
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Background: The purpose of this study was to verify the effect of protocatechuic acid (PCA) on tendon healing and fatty degeneration in a
chronic rotator cuff model.
Methods: Twenty-eight Sprague-Dawley male rats were randomly allocated into two groups: Saline+repair (SR) and PCA+repair (PR). The
right shoulder was used for experimental interventions, and the left served as a control. PCA (30 mg/kg/day) was administered intraperitoneally at the site of infraspinatus tendon detachment in rats in the PR group, and the same volume of saline was administered to the same
site in the SR group. The torn tendon was repaired 4 weeks after infraspinatus detachment. Four weeks after repair, hematoxylin and eosin
(H&E), S100, and CD68 stains were performed to evaluate the degree of fatty degeneration and H&E and Masson trichrome stains were
performed to assess tendon healing. Superoxide dismutase (SOD) was measured to test the efficacy of PCA as an antioxidant.
Results: Results from histological evaluation indicated that SOD and CD68 levels at the musculotendinous region and collagen fiber parallel to the orientation at the tendon-to-bone junction were not significantly different between the SR and PR groups. The mean load-to-failure of the PR group (20.32±9.37 N) was higher than that of the SR group (16.44±6.90 N), although this difference was not statistically significant (p=0.395). The SOD activity in the operative side infraspinatus muscle of the PR group was higher than that of the SR group, but
the difference was not statistically significant (p=0.053).
Conclusions: The use of PCA could improve tendon healing and decrease fatty degeneration after rotator cuff repair.
Keywords: Protocatechuic acid; Antioxidant; Rotator cuff tear; Tendon healing; Fatty degeneration

INTRODUCTION
Rotator cuff tears are the most common tendon injury in ortho-

pedic patients, and result in shoulder pain and dysfunction [1].
Traditionally, the factors that contribute to cuff tears can be divided into extrinsic (including shoulder overuse, presence of
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spurs, and differences in the acromion shape) and intrinsic factors (including aging, inflammation, oxidative stress, and apoptosis) [2,3]. Rotator cuff degeneration is one of several factors
that contribute to rotator cuff tears and associated pathologic
changes have been reported that impact cuff insertion, such as
thinning and disorientation of collagen fibers and loss of cellularity, vascularity, and fibrocartilage mass at the site of cuff insertion
[2,3]. Oxidative stress is an intrinsic factor that is responsible for
tendon degeneration. Oxidative stress leads to tenocyte apoptosis
via the c-Jun N-terminal kinase (JNK)-matrix metalloproteinase
pathway (MMP) pathway and likely contributes to further tendon degeneration [3,4].
Several studies have investigated whether antioxidant treatment of attenuated rotator cuff degeneration caused by oxidative
stress can be used for patient benefits. One study demonstrated
that an administration of vitamin C, a major antioxidant, attenuated the rotator cuff degeneration that was caused by oxidative
stress in Sod1-/- mice [1]. Another study showed a trend for improved tendon healing after rotator cuff repair with vitamin C
supplementation [5]. Park et al. [6] suggested the possibility of
therapeutic use of anthocyanins in patients with tendon degeneration.
Protocatechuic acid (3,4-dihydroxybenzoic acid; PCA), a major metabolite of anthocyanin, is a phenolic compound that naturally occurs in various plants such as star anise (lllicium verum),
lemon balm (Melissa officinalis), and medical rosemary (Salvia
rosmarinus). It is a biologically active component of some medicinal plants, such as roselle (Hibiscus sabdariffa), maidenhair tree
(Ginkgo biloba) and St. John’s wort (Hypericum perforatum). It is
known for its beneficial effects that include antioxidant, anti-inflammation, antibacterial, antiaging, anticancer, antifibrotic, antiviral, analgesic, antitherosclerotic, hepatoprotective, neurological, and nephron protective activity [7,8]. Several studies have
verified the efficacy of PCA as an antioxidant. Harini and Pugalendi [9] suggested that PCA treatment exerts a therapeutic
property by decreasing the oxidative stress in streptozotocin-diabetic rats. Another study suggested that Alpinia PCA was a potential neuroprotective agent and that its neuroprotective effects
were at least partially achieved by promoting endogenous antioxidant enzymatic activities and inhibiting free radical generation
[8].
The purpose of the present study was to investigate the effects
of PCA on tendon healing and reversal of fatty degeneration in a
chronic rotator cuff tear model using the rat infraspinatus. The
results indicated that PCA influences rotator cuff healing in a rat
rotator cuff repair model.
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METHODS
This animal study was conducted in accordance with the guidelines and approval of the Institutional Animal Care and Use
Committees (IACUC) of Hallym University (No. Hallym 201530). The present study was performed in accordance with the
ethical standards in the 1964 Declaration of Helsinki. The present study was performed in accordance with relevant regulations
of the US Health Insurance Portability and Accountability ACT
(HIPAA). Details that might disclose the identity of the subjects
under study were omitted.

Animals

Twenty-eight 10-week-old male Sprague-Dawley male rats (Koatech, Pyeongtaek, Korea) were used in this study. The rats were
maintained at a constant room temperature (22°C ± 2°C) and two
were housed in each, and the room lights were automatically
turned on and off at a 12-hour cycle (on at 6:00 a.m. and off at
6:00 p.m.) food and water were provided ad libitum to all animals.

Allocation of Experimental Rats

For biomechanical testing, a priori power analysis revealed that a
minimum of eight rats per group was necessary to detect a significant difference in peak load-to-failure (mean difference, 11.5
N; standard deviation, 6.3 N) with a power of 0.8 and an alpha of
0.05, considering a 25% drop-out rate [10]. For histological testing, we assigned six rats per group at 4 weeks after repair. The 28
male Sprague-Dawley rats (300 ± 5 g) were randomly allocated to
two groups (14 rats per group: 6 for histological and eight for
mechanical testing, 14 for superoxide dismutase [SOD] level of
rotator cuff): saline+repair (SR) and PCA+repair (PR) groups.
All experimental procedures were performed in the right shoulders; the left shoulders underwent sham operations (controls)
(Fig. 1).

Chronic Rotator Cuff Tear Model

Under intraperitoneal pentobarbital anesthesia (50 mg/kg) and
sterile draping, a 2-cm skin incision was made along the spine of
the scapula to the posterolateral angle of the acromion, and then
the infraspinatus muscle and tendon were exposed after incising
and retracting the deltoid muscle. In all rats, a chronic infraspinatus tear model was created in the right shoulder by completely
detaching the infraspinatus tendon at its insertion site into the
greater tuberosity. The torn tendon was wrapped with a 6-mmlong silicone Penrose hose (6-mm outer diameter, Sewoon Medical Co., Ltd., Cheonan, Korea) and the torn tendon that was
wrapped with the Penrose hose was sutured to the other tendons
https://doi.org/10.5397/cise.2021.00395
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28 Randomized
Week 0
14 Allocated to group I
Saline group
Infraspinatus tear (right shoulder)

14 Allocated to group II
PCA group
Infraspinatus tear (right shoulder)

Week 4
Repair

Repair

A

Week 8
8 Mechanical evaluation
6 Histological evaluation
14 SOD test

8 Mechanical evaluation
6 Histological evaluation
14 SOD test

Fig. 1. Flow diagram. Superoxide dismutase (SOD) test: the levels of
infraspinatus muscle and supraspinatus tendon were measured at 4
weeks after repair. PCA: protocatechuic acid.

using No. 5-0 Prolene (Ethicon; Johnson & Johnson, New Brunswick, NJ, USA) to inhibit adhesion to the surrounding soft tissue.
The repair was left alone and allowed to heal for 4 weeks. The
deltoid muscle was sutured with a No. 5-0 Monocryl absorbable
suture (Ethicon; Johnson & Johnson) and the skin was sutured
with No. 5-0 Prolene (Ethicon; Johnson & Johnson). The left
shoulder underwent a sham operation (skin incision and closure
only).

Infraspinatus Repair

Four weeks after the infraspinatus detachment, the torn tendon
was repaired [11]. A modified Mason-Allen stitch with a No. 5-0
Prolene (Ethicon; Johnson & Johnson) was used to repair in a
transosseous manner by passing the suture through a bone tunnel created in the greater tuberosity using a 22-gauge needle. The
deltoid muscle was repaired immediately afterwards using a No.
5-0 Monocryl absorbable suture (Ethicon; Johnson & Johnson).
The skin was sutured using a No. 5-0 Prolene (Ethicon; Johnson
& Johnson) (Fig. 2).

Administration of Protocatechuic Acid

First, 300 mg of PCA (Sigma-Aldrich, St. Luis, MO, USA) was
dissolved in 100 mL of saline and stored at room temperature.
After the initial operation, which detached the infraspinatus tendon, PCA was administered at 1 mL per 100 g of body weight to
the PR group intraperitoneally and the same volume of saline
was administered to the rats in the SR group until the last operation was completed; the total administration was over the course
of 56 days.

https://doi.org/10.5397/cise.2021.00395

B
Fig. 2. Surgical procedures in a rat model. (A) Detached infraspinatus tendon wrapped using a Penrose drain. (B) Repaired tendon attached to the greater tuberosity of the humeral head.

Histological Testing

Evidence of vascularization was determined based on the presence of blood vessels, and cells were observed in the irregularly
arranged fibrovascular interface tissue. Vascularity and cellularity
were considered as the parameters for inflammation or foreign
body reaction, respectively. Histological evaluation was performed at 4 weeks after the repair. The rats (six per group) were
intraperitoneally anesthetized with pentobarbital and euthanized
with carbon dioxide, and the proximal humerus including the
greater tuberosity with the attached entire infraspinatus tendon
of both shoulders of each rat was harvested. The specimens were
fixed in neutral buffered 10% formalin (pH 7.4) and decalcified
for 24 hours (Formical-2000; Decal Chemical Corporation, Tallman, NY, USA). Two paraffin blocks were created for each specimen. The specimen was horizontally cut at a point that was approximately 3 mm medial to the musculotendinous junction.
The proximal portion was used to create a paraffin block and the
distal portion was cut longitudinally at a midpoint of the repair
site (the infraspinatus tendon and the greater tuberosity). Two
distal portions were prepared in one paraffin block. Then, 5 µmthick sections were cut in the coronal plane from the tendon-to7
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bone junction; these were stained with hematoxylin and eosin
(H&E) and Masson trichrome. We assessed vascularity and cellularity on an average field of × 200 from the H&E stain sections,
and we assessed the collagen fiber continuity and parallel orientation from the sections of Masson’s trichrome stain on average
field of × 100. We graded each of these parameters semi-quantitatively using four stages (grade 0, present with < 25% of proportion; grade 1, 25%–50% of proportion; grade 2, 50%–75% of proportion; grade 3, > 75% of proportion) [12]. We also cut 5-umthick sections in the sagittal plane to a point about 3 mm medial
to the musculotendinous junction of the infraspinatus and
stained the sections with H&E, and S100 or SOD stains. On average, in a field of × 200, the histological findings from these sections were graded with a four-scale system (grades 0, 1, 2, 3),
where a grade 0 was no fat deposits or SOD and a grade 3 was fat
droplets or SOD found in most fibers [13].
In addition, S100, CD68, and SOD stainings were performed
using immunohistochemistry in the sagittal sections. The S100
stain was adopted to detect adipose cells [14], and the CD68 stain
was adopted to detect macrophages which suggested degeneration [15]. Fat globules between muscle fibers were visualized using the S100 protein stain, in which fat was stained in a distinct
red color [14,16]. Macrophages were visualized using the CD68
stain as distinct brown body, and SOD was visualized using the
SOD stain as a generalized brown colored muscle fiber. Sections
of formalin-fixed, paraffin wax-embedded infraspinatus muscle
tissue were stained in the Bond-Max automatic immunostaining
device (Leica Biosystem, Wetzlar, Germany) using a bond polymer intensity detection kit (Leica Biosystem) for formalin-fixed,
paraffin-embedded tissue sections. A CD68 (Leica Biosystem),
S100 (Leica Biosystem), and SOD (Abcam, Cambridge, UK)
were used to analyze antibody levels. These sections were counterstained with Harris hematoxylin. From CD68 immunohistochemical staining, the findings were assessed on an average field
of × 400 as the number of stained macrophages using an antigen
counter (UTHSCSA ImageTool 3.0; The University of Texas
Health Science Center, San Antonio, TX, USA). The findings
from S100 and SOD immunohistochemical staining were
checked on an average field of × 200 as a four-scale system
(grades 0, 1, 2, 3), where a grade 0 was no fat deposit or SOD and
a grade 3 was fat droplets or SOD found in most fibers [13]. All
of these analyses were performed by one pathologist who was
blinded to the experimental conditions. In all the grading and
measuring, the pathologist selected an average field and performed the work on the field. The average of the three measured
values for the histologic grading and measurements was used for
quantitative analysis.
8

Mechanical Testing

Insertional tearing is suggestive of relatively poor tendon-tobone healing whereas midsubstance tearing indicate good healing. The rats (eight per group) were intraperitoneally anesthetized and euthanized with carbon dioxide, and the proximal humerus, including the greater tuberosity with the attached entire
infraspinatus tendon of both shoulders of each rat, was harvested at 4 weeks after the cuff repair. The harvested tendon with
the bone was wrapped in saline soaked gauze and placed in an
icebox. Each sample was placed at room temperature for 10
minutes just before testing. Biomechanical testing was performed with the aid of an Instron 3343 device (Instron, Norwood, MA, USA) (Fig. 3A). The proximal humerus of the specimen was hung on a metal (rat muscle fixation device), and a
hole was drilled into the specimen to fix a pneumatic grip (ISG
Inc., Sungnam, Korea) (Fig. 3B). The muscular end of each sample was wrapped in a thin layer of dry gauze and fixed between
the two hard rubber layers of a second pneumatic grip. Each
tendon was initially preloaded to 0.1 N, followed by 10 cycles of
preconditioning (cycling between 0.1 and 0.5 N at a strain rate
of 0.4%/sec). After a 300-second hold to allow equilibrium to be
attained, each 600-second stress-relaxation experiment began
with a ramp to 5% strain at 5%/sec, followed by a return to
gauge length and a 60-second hold. Finally, each specimen was
quasi-statically tested to failure at a rate of 0.3%/sec. The key
data recorded included the mode of tearing and the peak loadto-failure [12].

A

B

Fig. 3. Material testing machine. (A) Instron 3343 (Instron, Norwood, MA, USA) equipped with a pneumatic grip and a metal device for the humeral head (rat muscle fixation device). (B) The tensile load was applied to the rat infraspinatus.
https://doi.org/10.5397/cise.2021.00395
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eration. Therefore, these six rats were excluded from the following assessment, and 22 rats were included in the analysis (histological evaluation 4 weeks after repair, n = 4; mechanical evaluation 4 weeks after repair, n = 7; SOD level 4 weeks after repair,
n = 11; and 11 for SR and PR groups), as shown in Table 1.

Superoxide Dismutase Activity

After the sacrifice, the supraspinatus tendon and infraspinatus
muscle were harvested to detect SOD activity and homogenized
in ice-cold 50 mM phosphate buffer (containing 1 mM EDTA,
pH 7.0). The infraspinatus tendon and muscle component used
a mechanical test, and the most proximal portion of the infraspinatus muscle was used for the SOD assay. The SOD activity
was determined using a SOD assay kit (Dojindo, Kumamoto, Japan). The assay used water-soluble tetrazolium salt, which produces a water-soluble formazan dye upon reduction with a superoxide anion. The rate of reduction by a superoxide anion is
linearly related to the xanthine oxidase activity and is inhibited
by SOD. Therefore, the inhibition activity of SOD as determined
by a colorimetric method was used to determine the supraspinatus tendon and infraspinatus muscle SOD levels. One unit of
SOD was defined as the amount of enzyme needed to exhibit
50% dismutation of superoxide radicals. The absorbance was
read at 450 nm by a GloMax Discover multimode plate reader
(Promega, Madison, WI, USA) and activity was expressed in U/
mg protein. The protein concentration was measured using
Bradford’s method.

Histological Testing

Overall histological gradings are reported in Table 2. Immunohistochemical evaluations are shown in Table 3 and comparison
of the histologic results outcomes between the groups are shown
in Table 4. The SOD stain levels at the musculotendinous region
were greater in the PR group than in the SR group (p = 0.390). A
lower vascularity was observed in the PR group than in the SR
group (p = 0.752), but there was no statistically significant difference between the groups, and the same level of cellularity was
observed in the SR and PR groups (p = 1.000). The PR group had
more fiber continuity (p = 0.190) and parallel collagen fiber than
the SR group (p = 0.096). Immunohistochemical testing analysis
of the musculotendinous region indicated that the S100 stain
showed a lower mean number of adipose cells in the PR group
than in the SR group (p = 0.390). The CD68 stain results showed
a similar pattern to the S100 stain (p = 0.447). The overall results
for the histologic and immunohistochemical evaluations showed

Statistical Analysis

All statistical analyses were performed using IBM SPSS ver. 25
(IBM Corp., Armonk, NY, USA). A p-value < 0.05 was considered statistically significant. The Mann-Whitney U-test or independent t-test was performed to compare values from the operative procedure side or the control side.

Table 1. Complications and number of rats included in each analysis

RESULTS

Complication
No recovery from anesthesia
8-Week histological evaluation
8-Week mechanical evaluation
8-Week SOD level in cuffs

SR Group
3
4
7
11

PR Group
3
4
7
11

Three specimens from the SR and PR groups died during the op-

SR: saline+repair, PR: protocatechuic acid+repair, SOD: superoxide dismutase.

Table 2. Histologic gradings
Variable
H&E (S100) stain at M-T region*
SOD at M-T region*
H&E, M&T stain at T-B junction†
Cellularity at T-B region
Vascularity at T-B region
Collagen fiber continuity at T-B region
Collagen fiber parallel orientation at T-B region

g0
0
0

Sham
g1
g2
4
0
4
0

g3
0
0

g0
0
0

g1
1
3

g2
1
1

g3
2
0

g0
0
0

g1
1
1

g2
3
3

g3
0
0

4
3
0
0

0
1
0
0

0
0
4
4

0
0
2
0

2
2
1
1

2
1
1
3

0
1
0
0

0
0
0
0

2
2
2
0

2
2
1
2

0
0
1
2

0
0
0
0

SR

PR

Values are presented as number.
Sham: light shoulder of PR, SR: saline+repair, PR: protocatechuic acid+repair, H&E: hematoxylin and eosin, M-T: musculotendinous, SOD: superoxide dismutase, M&T: Masson trichrome, T-B: tendon-to-bone.
*Four-scale system of adipose cell: g0, no; g3, fat droplets found in most fibers; †g0, absent or minimal or >25% of proportion; g1, mild degree or
25%–50%; g2, moderate degree or 50%–75%; g3, severe (marked) degree or >75%.
https://doi.org/10.5397/cise.2021.00395
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that the PR group had better improvements than the SR group.
(Fig. 4).

Mechanical Testing

Data for the mechanical testing are shown in Table 5. The failure
modes in the SR group were two insertional and five midsub-

Table 3. Immunohistochemistry (S100 and CD68) at musculotendinous region
Group
Sham (n = 4)
SR (n= 4)
PR (n= 4)

4 weeks after repair
CD68
S100
±
2.3 4.5
1.3 ± 2.5
174.8 ± 39.7
8.5 ± 4.2
123.8 ± 63.8
6.3 ± 3.6

Values are presented as mean±standard error.
SR: saline+repair, PR: protocatechuic acid+repair.

stance parameters, and four insertional and three midsubstance
parameters in the PR group (p = 0.591). All control failures were
attributed to midsubstance tears. The mean load-to-failure values
of the PR group (20.32 ± 9.37 N) was higher than that of the SR
group (16.44 ± 6.90 N), although the differences were not statistically significant (p = 0.395). (Tables 5 and 6). The load-to-failure
values of the control side (left side) specimens were greater than
those of the test specimens, but the differences were not significant in the PR group (p = 0.085), suggesting that tendon healing
was good.

Superoxide Dismutase Activity

The SOD activity in the infraspinatus muscle and supraspinatus
are shown in Fig 5. The average level of SOD in the treated infraspinatus muscle of the PR group was higher than that of the SR
group. But the result was not statistically significant (p = 0.053),

Table 4. Outcome of mechanical testing
Group
Sham vs. SR
Sham vs. PR
SR vs. PR

MT-H&E (S100)
0.040
0.046
0.390

MT-SOD
0.356
0.024
0.207

MT-CD68
0.025
0.062
0.447

TB-V
0.032
0.017
0.752

TB-C
0.013
0.013
1.000

TB-Co
0.013
0.046
0.190

TB-PA
0.011
0.127
0.096

MT: musculotendinous region, H&E: hematoxylin and eosin, SOD: superoxide dismutase, TB: tendon-to-bone junction, V: vascularity, C: cellularity, Co: continuity of collagen fiber, PA: parallel orientation of collagen fiber, Sham: left shoulder of SR group, SR: saline+repair, PR: protocatechuic
acid+repair.
P<0.05.

A

B

C

D

E

F

Fig. 4. Immunohistochemical findings. (A, B) Superoxide dismutase (SOD) staining (×200) of the musculotendinous region at 4 weeks after
repair. The protocatechuic acid+repair (PR) group (B) showed more SOD expression than the saline+repair (SR) group (A). Black arrows: superoxide dismutase. (C, D) S100 stain (×200) of the tendon-to-bone junction at 4 weeks after repair. The PR group (D) exhibited fewer S100
stained cells than the SR group (C). Black ellipses: S100 stained cells. (E, F) CD68 stain (×400) of the tendon-to-bone junction at 4 weeks after
repair. The PR group (F) had fewer CD 68 stained cells than the SR group (E). Black arrows: CD68 stained macrophage.
10
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Table 5. Outcome of mechanical testing
Variable
Load-to-failure
Operated side (N)
Control side (N)
p-value
Tear pattern insertional:midsubstance
Operated side
Control side
p-value

SR Group
(n = 7)

PR Group
(n = 7)

16.44 ± 6.90
26.88 ± 4.57
0.006

20.32 ± 9.37
29.47 ± 2.83
0.085

2:5
0:7
0.007

4:3
0:7
0.023

Values are presented as mean±standard error or number.
SR: saline+repair, PR: protocatechuic acid+repair.
Table 6. Outcome of mechanical testing between the treated right
sides
p-value
Tear pattern
Load-to-failure (N)
0.395
0.591

Group
SR vs. PR

SR: saline+repair, PR: protocatechuic acid+repair.
p<0.05.

250

SOD (unit/mg protein)

200

■ SR
■ PR

150
100
50
0

IS

IS-L

SS

SS-L

Fig. 5. Superoxide dismutase (SOD) levels of the infraspinatus muscle and supraspinatus tendon at 4 weeks after repair. Values are presented as mean±standard error. IS: right infraspinatus muscle, IS-L:
left infraspinatus muscle, SS: right supraspinatus tendon, SS-L: left
supraspinatus tendon, SR: saline+repair, PR: protocatechuic acid+repair.
Table 7. Comparison of superoxide dismutase levels between SR and
PR
Variable
Rt infraspinatus muscle
Lt infraspinatus muscle
Rt supraspinafus tendon
Lt supraspinatus tendon

p-value
0.053
0.870
0.818
0.317

SR: saline+repair, PR: protocatechuic acid+repair, Rt: right side, Lt: left
side.
p<0.05.
https://doi.org/10.5397/cise.2021.00395

as shown in Table 7. The average SOD activity levels in the control infraspinatus muscle and the treated supraspinatus tendon
are shown in Fig. 5.

DISCUSSION
In this study, PCA was associated with tendon healing and fatty
degeneration of chronic rotator cuff tears in a rat model, and the
recovery was associated with SOD levels. The mean values for
the histological and mechanical parameters were higher in the
PR group than in the SR group, but there was no statistically significant difference.
Several studies have investigated different approaches for treating antioxidant attenuated rotator cuff degeneration caused by
oxidative stress. Morikawa et al. [11] suggested that intracellular
oxidative stress contributes to the degeneration of rotator cuff
entheses. Morikawa et al. [1] revealed that rotator cuff degeneration in SOD1-deficient mice could be suppressed by vitamin C.
Martel et al. [5] showed that administration of vitamin C is associated with improvements in tendon healing after rotator cuff injury. DePhillipo et al. [17] demonstrated that vitamin C has the
potential to accelerate bone healing after a fracture and increase
type I collagen synthesis. Aiyegbusi et al. [18] suggested that antioxidants can promote healing by stimulating tenoblast proliferation. Hung et al. [19] suggest that local injections of vitamin C
solution can reduce the extent of adhesion for healing tendons,
which is likely facilitated by redox modulation in a chicken model. Koike et al. [20] reported that vitamin C effectively suppressed
superoxide generation and cartilage degeneration. Therefore, antioxidants could be helpful for treating and preventing rotator
cuff tears with oxidative stress.
PCA has been demonstrated as an effective antioxidant. Oxidative stress plays a key role in the pathogenesis of degenerative
conditions such as cardiovascular disease, cancer, and aging [21].
In streptozotocin-induced diabetic rats, PCA has been shown to
decrease reactive oxygen species (ROS) formation in the liver,
heart, kidney, and brain by restoring endogenous antioxidant enzyme activities [9,22]. Tsai and Yin [23] demonstrated that PCA
decreased advance glycation end products (AGEs) and ROS production in D-galactose-induced ROS and AGEs formation in
mice. Endogenous antioxidants, such as SOD, protect cells from
ROS damage [24]. There is evidence to support the role of inflammatory mediators and suggest that the symptoms of rotator
cuff tendinopathy are mediated by cyclooxygenase-2 and prostaglandin E2, and that the loss of tissue architecture is mediated by
the MMP. Oxidative stress leads to tenocyte apoptosis via MMP
within the extracellular matrix and JNK within the intracellular
11
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environment [4,25,26] and likely contributes to further tendon
degeneration [3,4].
In this study, histological evaluation indicated that there were
more S100-stained cells at the musculotendinous region in the
SR group than in the PR group (p = 0.390). The SOD staining at
the musculotendinous region was greater in the PR group than
in the SR group. The PR group had more fiber continuity and
parallel collagen fiber than the SR group.
Immunohistochemical evaluation of the musculotendinous region indicated that there was reduced S100 and CD68 staining in
the PR group (123.8 ± 63.8, 6.3 ± 3.6, respectively) than in the SR
group (174.8 ± 39.7, 8.5 ± 4.2, respectively). Statistical analysis of
histologic results compared the sham and the right shoulders of
the SR group and PR group and indicated that there was a significant difference in the sham group compared with all the other groups with the exception of the musculotendinous CD68
staining of the PR group and tendon-to-bone parallelity on the
Masson trichome staining of the SR group. The mean value for
histological parameters was higher in the PR group than in the
SR group, but the difference was not statistically significant. Histological evaluation indicated that there was an increase of SOD
in the PR group and an increase of CD68 in the SR group at
the musculotendinous region compared to the sham group
(p = 0.024 and p = 0.025), and the collagen fiber parallel orientations at the tendon-to-bone junction in PR group were not significantly different compared to the sham group (p = 0.127),
which suggest improvement of fatty degeneration and tendon
healing.
On a histological evaluation, degeneration is characterized by
loss of cellularity, vascularity, tissue architecture, and a fibrocartilaginous mass within the cuff resulting in a mechanically inferior
tendon property [3]. On the biomechanical evaluation, the mean
load-to-failure values of the two groups were 20.32 ± 9.37 N and
16.44 ± 6.90 N, respectively. Although the mean load-to-failure
values were slightly higher in the PR group than the SR group,
there was no significant difference between the groups (p = 0.395).
The load-to-failure values of the control side (left side) specimens
were greater than those of the test specimens, but the differences
were not significant in the PR group (p = 0.085), suggesting that
tendon healing was good.
Several studies have suggested that administration of antioxidants is effective for tendon healing. In this study, the SOD activity in the treated infraspinatus muscle of the PR group was higher
than that of the SR group although the difference was statistically
significant (172 ± 215 and 94 ± 5 units/mg protein; p = 0.053).
Based on these results, applying PCA as a treatment likely increases the SOD activity. Therefore, the use of PCA may also im12

prove tendon healing and decrease fatty degeneration after cuff
repair. In contrast to this study, Uehara et al. [27] showed that
SOD activity was significantly decreased in rotator cuff injury
but showed no significant difference in the rotator tear model.
These findings suggested that SOD might not be associated with
rotator cuff degeneration after tears but may be involved in rotator cuff degeneration without tears [27]. In this study, we hypothesized that PCA was recruited to the damage site due to the need
for SOD for tear regeneration when PCA was administered. This
suggests that healing of degenerative chronic rotator cuff tears
requires more SOD than the non-injury state.
The infraspinatus of rats was adopted as the specimen model
in this study because of its biomechanical similarity to humans.
Rotator cuff tears occur more frequently in the supraspinatus
than the infraspinatus in humans. But the infraspinatus in rats
has a longer tendinous portion than the supraspinatus. Therefore, the infraspinatus is more suitable for a rotator cuff repair
model in rats [28,29].
Our study had several limitations. First, the SOD activity was
assessed by using the infraspinatus muscle instead of the tendon,
this is because the tendinous portion with bone was used for biomechanical testing. However, this approach is acceptable because
the infraspinatus muscle and tendon are one unit. Second, S100
staining is not highly specific to adipocytes and the neural crest
origin cells are also stained. Third, we did not identify a statistically significant difference in the histologic and biomechanical
findings between the SR and PR groups. Further, there was no
statistically significant difference in SOD activity levels between
the two groups. Therefore, this study did not conclusively identify an effect of PCA on rotator cuff healing. We did, however, determine that the PR group did significantly differ from the sham
group, suggesting that tendon healing was good. In addition, the
administration of PCA might increase SOD levels in repaired infraspinatus muscle. Finally, in this study, we did not assess the
stiffness of the repaired tendon, we only measured the mode of
tearing and the peak load-to-failure. However, because animal
studies have intrinsic limitations these results should be interpreted with caution in terms of clinical applications. In conclusion, histological and biomechanical tests showed that use of
PCA could improve tendon-to-bone healing and decrease fatty
degeneration after cuff repair in a rat model.
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