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INTRODUCTION

Degenerative change in the rotator cuff tendon appears to 
be an inevitable pathophysiological concomitant of aging. This 
degenerative change leads to rotator cuff tear and, eventually, 
to degenerative arthritis (Neer et al., 1983). The incidence of 
partial or full thickness rotator cuff tear, which increases with 
age, reaching 80% among those 80 years and older, demon-
strates this disease’s high morbidity and suggests its medical 
cost burdens (Milgrom et al., 1995; Tempelhof et al., 1999; 
Yamamoto et al., 2010). Exogenous and endogenous theories 
of the causes of this disease have been proposed; apoptosis-
induced degenerative changes are currently receiving the 
most attention (Ozaki et al., 1988; Soslowsky et al., 2002; Nho 
et al., 2008). The increased incidence of apoptotic cell death in 
degenerative tendon tissue could affect the rates of collagen 
synthesis and repair, possibly weakening tendon tissue and 
increasing the risk of tendon rupture (Yuan et al., 2003b). The 

biomolecular mechanisms of the degenerative change leading 
to apoptotic cell death in tenofibroblasts have been identified 
as oxidative-stress-related cascade mechanisms (Yuan et al., 
2002; Tuoheti et al., 2005). This finding indicates the necessity 
of developing strategies to intervene at one or more points in 
that oxidative-stress-related cascade.

Natural antioxidants have been reported to play a major 
role in blocking the oxidative stress induced by free radicals. 
The phytochemicals responsible for this antioxidant capacity 
are thought to be the phenolics, such as anthocyanins and 
other flavonoid compounds (Cao et al., 1997). Anthocyanins, 
which are found in a variety of highly pigmented fruits, po-
tentially play a role in preventing human diseases related to 
oxidative stress (Tsuda, 2012). Hydrolyzed anthocyanins yield 
sugars and anthocyanidins, which are their common aglycon 
forms (Tsuda, 2012). Among the anthocyanidins are cyanidin 
and delphinidin, the natural anthocyanidins most commonly 
extracted from the edible parts of plants (Tsuda, 2012). A pre-
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Age-related rotator cuff tendon degeneration is related to tenofibroblast apoptosis. Anthocyanins reduce oxidative stress-induced 
apoptotic cell death in tenofibroblasts. The current study investigated the presence of cell protective effects in cyanidin and del-
phinidin, the most common aglycon forms of anthocyanins. We determined whether these anthocyanidins have antiapoptotic 
and antinecrotic effects in tenofibroblasts exposed to H2O2, and evaluated their biomolecular mechanisms. Both cyanidin and 
delphinidin inhibited H2O2-induced apoptosis in a dose-dependent manner. However, at concentrations of 100 μg/ml or greater, 
delphinidin showed cytotoxicity against tenofibroblasts and a decreased antinecrotic effect. Cyanidin and delphinidin both showed 
inhibitory effects on the H2O2-induced increase in intracellular ROS formation and the activation of ERK1/2 and JNK. In conclu-
sion, both cyanidin and delphinidin have cytoprotective effects on cultured tenofibroblasts exposed to H2O2. These results suggest 
that cyanidin and delphinidin are both beneficial for the treatment of oxidative stress-mediated tenofibroblast cell death, but their 
working concentrations are different.
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vious study demonstrated that anthocyanins from the black 
soybean seed coat (containing these anthocyanidins: cyani-
din, delphinidin, and petunidin) block H2O2-induced apoptosis 
by inhibiting both the intracellular ROS production and the 
activation of ERK1/2 and JNK in tenofibroblasts (Park et al., 
2010). That previous study used mixtures of anthocyanins, 
rather than discrete anthocyanidins. 

Research on discrete, pure anthocyanidins is a necessary 
step toward their potential eventual use as health-enhancing 
compounds. Accordingly, the current study, which is a search 
for a single anthocyanidin involved in protection against oxida-
tive stress, evaluated two common anthocyanidins: cyanidin 
and delphinidin. This study confirmed their cytoprotective ef-
fects against oxidative stress, examined the underlying mech-
anisms of their cytoprotective effects, and evaluated the pos-
sibility that they act synergistically. 

MATERIALS AND METHODS

Materials and primary cell culture
Cyanidin and delphinidin were obtained from Enzo Life Sci-

ences (Enzo life sciences Inc., Farmingdale, USA). Tenofibro-
blasts derived from the supraspinatus tendons of adult male 
Sprague-Dawley rats were prepared, as described previously 
(Park et al., 2010). Briefly, tissues were washed twice with 
PBS and then minced with a sterile scissors. A small pieces 
of tissue were placed in a 6-well tissue culture plate (Corn-
ing, NY, USA) with DMEM (Invitrogen, Carlsbad, CA, USA) 
supplemented with 30% FBS, 100 IU/mL penicillin, and 100 
μg/mL streptomycin and grown at 37°C in a humidified atmo-
sphere of 5% CO2 and 95% air. After reaching confluence, the 
cells were detached from the culture dishes with trypsin-EDTA 
(Invitrogen, Carlsbad, CA, USA) and expanded in a second 
passage. Cells from passages 3 to 6, inclusively, were used 
for the current study.

Measurement of apoptosis and necrosis by FACS analyses 
To determine the extent of apoptosis and necrosis, cell 

death was analyzed by staining the cells with Annexin V-FITC 
and PI using Annexin-V-FLUOS Staining Kit (Roche diagnos-
tics, Mannheim, Germany). For staining, cells (1×106 tenofi-
broblast cells/100 mm culture dish) were treated with H2O2, 
cyanidin or delphinidin. Pretreatment with cyanidin and delph-
inidin was performed 1 hr before H2O2 exposure. Cells were 
washed with cold PBS, centrifuged, and resuspended in a fi-
nal volume of 100 μl Annexin V-FLUOS labeling solution (10 
mM HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) containing 
20 μl of Annexin V-FITC and PI (final concentration 1 μg/ml), 
as provided by the manufacturer. The cells were incubated 
at room temperature for 15 min and then 400 μl of PBS was 
added and the cells were analyzed using a FACSCalibur flow 
cytometer (BD Biosciences, San Diego, USA). For fluorescein 
detection, 488 nm excitation by an argon laser and 525-nm 
bandpass filter was used, and 560-nm bandpass filter was 
used for PI detection. A total of at least 10,000 cells were ana-
lyzed per sample. Fluorescence intensity was measured on 
a logarithmic scale. The amounts of apoptosis and necrosis 
were determined as percentages of Annexin V+/PI- and An-
nexin V+/PI+ cells, respectively. All experiments were indepen-
dently conducted at least three times.

ROS measurement
Intracellular generation of ROS was measured using DCF-

DA (Molecular Probes, Eugene, USA). The dye that integrat-
ed into the cells was deacetylated by intracellular esterases. 
Upon oxidation, DCF-DA is converted to highly fluorescent 
DCF. For the assay, tenofibroblast cells were cultured over-
night in 6-well plates and then treated with H2O2 the presence 
or absence of cyanidin or delphinidin for 24 h. The ROS mea-
surements were performed 15 min after the H2O2 treatment; 
that interval was based on the results of previous research on 
ROS production, which indicated that its peak is reached at 15 
min after H2O2 exposure. The cells were incubated in the dark 
with 5 μM DCF-DA in serum-free medium for 10 min. After 
incubation, the dye-integrated cells were washed with serum-
free DMEM. The DCF-induced fluorescence was detected us-
ing a laser-scanning confocal imaging system (Olympus IX70; 
Olympus, Tokyo, Japan) with excitation and emission settings 
at 488 nm and 530 nm, respectively. To quantify the produc-
tion rates of ROS, the cells were stained with DCF-DA for 15 
min, removed from the plate with trypsin-EDTA, and collected 
on a FACSCalibur flow cytometer (BD Biosciences, San Jose, 
USA). Data were analyzed using Cell Quest Pro software (BD 
Biosciences, San Jose, USA). 

Analysis for intracellular MAPKs activation
Tenofibroblasts (1×106 cells/ 60 mm culture dish) were 

treated with the indicated concentrations of cyanidin or del-
phinidin for 1 h, and then exposed to 0.5 mM H2O2 for 1 h to 
target ERK1/2, JNK and p38. Following treatment, cells were 
washed with cold PBS, and total cell lysates were prepared 
by scrapping. In order to extract all the protein, the cells were 
placed in a lysis buffer solution (RIPA buffer 1 mL, protease 
inhibitor 10 μL, phosphatase inhibitor 10 μL, Thermo scientific, 
Waltham, MA, USA) for 30 min. The digested cells were then 
sonicated and centrifuged at 12,000×g for 10 min at 4°C to 
remove insoluble debris. The samples were resolved on 10% 
SDS-polyacrylamide gel, and then electrophoretically trans-
ferred onto a nitrocellulose membrane using the semidry tech-
nique as described previously (Park et al., 2010). After block-
ing for 1 h with 5% skimmed milk in a TBS-T buffer solution 
(10 mM Tris, 150 mM NaCl, and 0.1% Tween-20), the mem-
brane was incubated with primary antibodies against ERK1/2, 
phospho-ERK1/2, JNK, phospho-JNK, p38, phospho-p38, 
(Cell Signaling Technology, Beverly, USA) in a TBS-T buffer 
containing 5% bovine serum albumin (BSA). Specific antibody 
binding was detected by horseradish peroxidase-conjugated 
secondary antibodies, and then visualized using an enhanced 
chemiluminescence detection reagent (Pierce, Rockford, 
USA).

Statistical analysis
All experiments were performed using triplicate cultures, 

with the results expressed in each case as the mean of the 
triplicate cultures. Each experiment was also performed at 
least three times, and representative data were reported. 
All statistical analyses were performed via one-way ANOVA, 
followed by Tukey’s multiple-comparison tests. Repeated-
measures ANOVA was performed, first to determine the dose-
dependent effects of cyanidin and delphinidin individually, and 
then to compare the dose-dependent effects of these antho-
cyanidins. Differences with a probability (p) of less than 0.05 
were considered statistically significant. All statistical analysis 
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was done by SPSS 17.0 for Windows (SPSS, Chicago, Illi-
nois, USA).

 

RESULTS

Effects of cyanidin and delphinidin on cytotoxicity
To determine the cytotoxicity of cyanidin and delphinidin, 

study subgroups of tenofibroblasts were treated with various 
concentrations (10, 50, 100, and 200 μg/ml) of cyanidin or 
delphinidin for 24 h. The viability of the cells was determined 
by the Annexin V and PI double staining method. As shown 
in Fig. 1A, there was no statistically significant difference in 
cell viability between the control group and the cyanidin sub-
groups at any of the studied concentrations. As shown in Fig. 
1B, there was no statistically significant difference in cell via-
bility between the control group and the delphinidin subgroups 
at concentrations of 10 and 50 μg/ml. However, significant re-
ductions in cell viability were noted in the delphinidin concen-
trations of 100 μg/ml and 200 μg/ml. 

Effects of cyanidin and delphinidin on cytotoxicity and 
H2O2-induced apoptosis

In a dose-dependent manner, pretreatment with cyanidin 
protected tenofibroblast cells exposed to oxidative stress. 
Exposure to 0.5 mM H2O2 decreased the viability to 26.79% 
(p<0.001) that of the untreated control. Pretreatment of the ex-
posed cells with 10 μg/ml cyanidin yielded 69% viability; with 
50 μg/ml, 76.45%; with 100 μg/ml, 81.64%; and with 200 μg/
ml, 85.30% (Fig. 2A). Delphinidin showed its greatest protec-
tive effect at a concentration of 50 μg/ml, with a decreasing 
protective effect at concentrations of 100 μg/ml or greater. 
Pretreatment of the exposed cells with 10 μg/ml delphinidin 
yielded 83.74% viability; with 50 μg/ml, 88.25%; with 100 μg/
ml, 75.94%; and with 200 μg/ml, 67.29% (Fig. 2B). As shown in 
Fig. 2C, 2D, the phase-contrast microscope findings indicated 
that cyanidin had a cytoprotective effect on H2O2-mediated cell 
death in a dose-dependent manner. Delphinidin also had a cy-
toprotective effect on H2O2-mediated cell death, although not 
in a dose-dependent manner in the same concentration range 
as cyanidin. Additionally, analysis of the apoptotic-cell rates 
indicated that both cyanidin and delphinidin exerted dose-
dependent antiapoptotic effects (p<0.001), without significant 
differences (Fig. 2A, 2B). Analysis of the necrotic-cell rates in-
dicated that cyanidin had a dose-dependent antinecrotic effect 
(p<0.001). In contrast, delphinidin showed its highest antine-
crotic effect at a concentration of 50 μg/ml, with a decreasing 
antinecrotic effect at concentrations of 100 μg/ml and greater 
(Fig. 2A, 2B). Cyanidin and delphinidin were both shown to 
inhibit the apoptosis and necrosis of H2O2-exposed tenofi-
broblasts simultaneously. Delphinidin showed a significantly 
higher cytoprotective effect than cyanidin against H2O2 at 
concentrations of 10 μg/ml (p<0.001) and 50 μg/ml (p<0.001). 
However, delphinidin showed cytotoxicity at concentrations of 
100 μg/ml and greater; that cytotoxicity was probably due to 
increased necrosis rather than increased apoptosis. 

 
Effects of cyanidin and delphinidin on intracellular ROS 
production

Flow cytometry analyses indicated that the levels of intra-
cellular ROS production in the 50 and 100 ug/ml cyanidin-H2O2 
(Fig. 3A) and in the 10, 50, and 100 μg/ml delphinidin-H2O2 

subgroups (Fig. 3B) were all significantly lower than the level 
in the H2O2 group. These results demonstrated that both cy-
anidin and delphinidin have the ability to reduce H2O2-mediat-
ed intracellular ROS production. The amounts of intracellular 
ROS were shown to be lower, in a dose-dependent manner, 
in the groups pretreated with cyanidin than in the H2O2 group 
(Fig. 3A). The amounts of intracellular ROS were shown to 
be significantly lower in the groups pretreated with delphinidin 
than in the H2O2 group, but no dose-dependent significance 
was found (Fig. 3B). Specifically, the levels of intracellular 
ROS were shown to decrease until the dose of delphinidin 
reached 50 mg/ml. However, the decrease in those ROS lev-
els was reversing once the dose of delphinidin reached 100 
mg/ml. That corresponded to the cytotoxicity of delphinidin, 
as shown in Fig. 1B. Confocal microscope analyses showed 
that H2O2-induced intracellular ROS production was reduced 
by pretreatment with 50 and with 100 μg/ml doses of cyanidin 
and delphinidin. While intracellular ROS levels in all the sub-
groups treated with delphinidin were significantly lower than in 
the H2O2 group, the 100 μg/ml delphinidin subgroup showed 
an increase in ROS production over that of the 50 μg/ml sub-
group (Fig. 3C, 3D). 

Effects of cyanidin and delphinidin on MAPKs activation
The western blot analyses indicated that 1 h of exposure 
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Fig. 1. Cell viability was assessed using Annexin V and PI double 
staining method. (A) There was no statistically significant difference 
in cell viability between the control group and the cyanidin sub-
groups at any of the studied concentrations (*p<0.05, as compared 
to the control). (B) There was no statistically significant difference 
in cell viability between the control group and the delphinidin sub-
groups at concentrations of 10 and 50 μg/ml. However, significant 
reductions in cell viability were noted in the delphinidin concentra-
tions of 100 μg/ml and 200 μg/ml (**p<0.01 and ***p<0.001, as 
compared to the control).
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to H2O2 induced phosphorylation of ERK1/2, JNK, and p38. 
Treatment with either cyanidin or delphinidin did not induce 
phosphorylation of ERK1/2, JNK, or p38. Pretreatment with 
cyanidin or delphinidin reduced the H2O2-induced phosphory-
lation of ERK1/2, JNK, and p38 (Fig. 4). Cyanidin inhibited the 
phosphorylation of ERK1/2 and JNK similarly (Fig. 4A). Delph-
inidin inhibited the phosphorylation of ERK1/2 more markedly 
than that of JNK (Fig. 4B).

DISCUSSION

The current study demonstrated that cyanidin and delph-
inidin had cytoprotective effects against oxidative-stress-in-
duced cytotoxicity to rotator cuff tenofibroblasts; these effects 
were achieved by reducing intracellular ROS production and 
by inhibiting phosphorylation of ERK, JNK, and p38.

According to the cytotoxicity analyses, both cyanidin and 
delphinidin showed cytoprotective effects, which originated 
from their antiapoptotic and antinecrotic actions. At lower 
concentrations of up to 50 μg/ml, delphinidin showed greater 
cytoprotective effects on H2O2-induced tenofibroblast death 
than did cyanidin at the same concentration (p=0.000) (Fig. 
2A). These effects may have resulted from the difference in 
antioxidant activity of the two anthocyanidins. Determined by 

oxidation potentials, the order of anthocyanidins by antioxi-
dant activity is delphinidin > cyanidin > pelargonidin (Aaby et 
al., 2007). However, delphinidin showed increased cytotoxicity 
and a decreased cytoprotective effect on H2O2-exposed teno-
fibroblasts at concentrations of 100 μg/ml or greater (Fig. 2B). 
These effects probably arose because necrosis, rather than 
apoptosis, resulted from the high concentration of delphinidin 
(Fig. 2B). 

The cause of rotator cuff tear is disputed. Although both 
exogenous and endogenous theories have been developed, 
none explains completely the etiology of rotator cuff tear. Re-
cent molecular biological studies have focused on the role of 
apoptosis in rotator cuff tendinopathy, analyzing its key media-
tors and associated cellular changes (Yuan et al., 2002; Yuan 
et al., 2003b; Tuoheti et al., 2005). Although it is not known 
whether cellular necrosis is also involved in rotator cuff ten-
don degeneration, one of the common histological features 
of rotator cuff tendon degeneration is tissue necrosis (Fukuda 
et al., 1990; Tillander et al., 2002; Chillemi et al., 2011). This 
suggests that cellular necrosis also might be involved in rota-
tor cuff tendon degeneration. Apoptosis and necrosis are both 
known to be mediated by oxidative stress, a condition in which 
ROS are overproduced (Gotoh et al., 1997; Fu et al., 2002; 
Arany et al., 2004). Lower levels of oxidative stress trigger 
apoptosis; higher levels mediate necrosis (Gotoh et al., 1997; 
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Fig. 2. (A, B) The analyses of the apoptotic-cell rates indicate that both cyanidin and delphinidin exerted dose-dependent antiapoptotic 
effects (p<0.001). The analyses of necrotic-cell rates indicate that cyanidin showed dose-dependent antinecrotic effects (p<0.001). In con-
trast, delphinidin showed its highest antinecrotic effect at a concentration of 50 μg/ml, with decreasing antinecrotic effects at concentrations 
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on H2O2-mediated cell death, but not in a dose-dependent manner. Cya: Cyanidin, Del: Delphinidin.
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Arany et al., 2004). The current study demonstrated that H2O2 
stimulated intracellular ROS production; both cyanidin and 
delphinidin inhibited that intracellular ROS production.

This study demonstrated that H2O2 activated ERK, JNK, 
and p38; cyanidin and delphinidin inhibited their activation 

(Fig. 4A, 4B). Increased intracellular ROS production is also 
known to activate those MAPKs (Son et al., 2011; Siebel et al., 
2013). Generally, ERK cascades sustain cell viability; JNK and 
p38 cascades promote apoptosis (Xia et al., 1995). The acti-
vation of these MAPKs’ signaling pathways depends on their 
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cell types and the specific stimuli (Kong et al., 2000; Schroeter 
et al., 2002). Although ROS induce ERK activation in a vari-
ety of cell lines, the role of ERK in H2O2-induced cell death 
remains controversial. In studies of H2O2-exposed cells, some 
have shown ERK activation enhancing survival; others have 
shown it contributing to apoptosis (Wang et al., 1998; Bhat 
and Zhang, 1999; Tournier et al., 2000; Brand et al., 2001; 
Arany et al., 2004; Dong et al., 2004). JNK, whose cascade’s 
activation is considered an important intermediate trigger of 
apoptosis, has been recently implicated in mitochondrial death 
(Tournier et al., 2000; Petrosillo et al., 2003). Activation of p38 
has been observed in cells undergoing apoptosis induced by 
diverse agents, including chemotherapeutics (Olson and Hal-
lahan, 2004; Bradham and McClay, 2006). 

This study examined apoptosis and necrosis induced by ex-
posure to H2O2, although the involvement of H2O2 in the devel-
opment of rotator cuff apoptosis has not yet been confirmed. 
However, H2O2 is known to be a major component of ROS in 
cells activated by various external stimuli that trigger internal 
substances (Ohba et al., 1994; Yim et al., 1994; Sundaresan 
et al., 1995; Bae et al., 1997). The super oxide anion (O2

-), an 
ROS, is constantly being produced by metabolic reactions in 
all aerobic organisms; it is then spontaneously or enzymati-
cally dismutated to H2O2 (Stadtman and Berlett, 1998). The 
hydroxyl radical (OH•), a well-known ROS, is intracellularly 
generated from H2O2, via the Fenton reaction(Stadtman and 
Berlett, 1998). Therefore, we postulated that H2O2 has a high 
probability of being involved in the apoptosis and necrosis 
processes of rotator cuff tenofibroblasts (Yuan et al., 2003a; 
Yuan et al., 2003b). Because this experiment was limited to 
demonstrating the effectiveness of cyanidin and delphinidin in 
reducing the apoptosis and necrosis induced only by H2O2, we 
also elaborated on the need for further research to determine 
the effectiveness of these two anthocyanins in suppressing 
the catabolic effects of other oxidants. Finally, because this 
is an in vitro study using concentrations of cyanidin and del-
phinidin which are within the range used in previous in vitro 
experiments(Oak et al., 2006; Chen et al., 2011; Guo et al., 
2012; Seo et al., 2013), we suggest further study, using the 
animal overuse model, which is currently accepted for investi-
gations of rotator cuff degeneration.

In conclusion, both cyanidin and delphinidin show cyto-
protective effects on rotator cuff tenofibroblasts exposed to 
H2O2, through their antiapoptotic and antinecrotic properties. 
Both these anthocyanidins suppress intracellular ROS for-
mation and the activation of ERK1/2 and JNK. Cyanidin and 
delphinidin are both beneficial for the treatment of oxidative 
stress-mediated tenofibroblast cell death, although at different 
ranges of concentrations.
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