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The aim of this study was to investigate the pro-apoptotic
mechanism of C-phycocyanin (C-PC)-mediated photody-
namic therapy (PDT) in a murine tumor model and cul-
tured MCF-7 cells. The mice were divided into four
groups: control, He–Ne laser radiation, C-PC treatment,
and C-PC treatment 1 He–Ne laser radiation. The effects
of C-PC and/or laser on immune organs, immunocyte
proliferation, tumor genesis, and apoptosis-related pro-
teins expressions were investigated by immunohistochem-
istry, in situ hybridization, MTT, electron microscope,
western blot, and immunofluorescence assay. The results
showed that He–Ne laser treatment alone showed mar-
ginal effects. In C-PC-treated mice, the weight of immune
organs, proliferation of immunocytes, and expression of
pro-apoptotic Fas protein were increased, whereas the
tumor weight and the expressions of anti-apoptotic pro-
teins (NF-kB and P53) and CD44 mRNA were compara-
tively decreased. In vitro, C-PC was able to inhibit MCF-7
cell proliferation and cause ultrastructural changes
including microvilli loss, formation of membrane blebs,
and chromatin condensation. Moreover, C-PC treatment
could activate caspase-9 expression, induce cytochrome c
release, and downregulate Bcl-2 expression. When com-
bined with He–Ne laser irradiation, the effects of C-PC
treatment were further enhanced. Facilitating the
apoptosis signals transduction and finally leading to the
apoptosis of MCF-7 cells may be the mechanism of
the anti-tumor activities of C-PC-mediated PDT.
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Introduction

It has been more than 30 years since photodynamic
therapy (PDT) was developed as a useful and promising

treatment tool in oncology. The approach has been used
clinically for treating early or localized diseases and for
improving the quality of life and increasing survival rate of
patients with advanced diseases [1]. PDT involves localiz-
ation of light-sensitive drugs (photosensitizer) in the target
tissues prior to radiation with an appropriate wavelength
[2]. Cytotoxic agents generated upon radiation trigger a
cascade of biochemical responses that inactivate cancer
cells either directly or through the induction of vascular
stasis. PDT has an advanced, efficient, convenient system
of light delivery as well as several potential advantages
over surgery and radiotherapy. It is comparatively non-
invasive and can be targeted accurately. Repeated doses
can be given without total-dose limitation. The healing
process rarely results in scarring. PDT is better tolerated as
the treatment destroys diseased tissue while leaving normal
tissue intact with no side effects [3]. The hematoporphyrin
derivative, photofrin (R), has been approved to be one of
the first-generation photosensitizers and used in the treat-
ment of cervical cancer. Unfortunately, it has several disad-
vantages [4]. In order to enhance the potential of PDT and
explore its application in other circumstances, currently,
second-generation photosensitizers are being extensively
investigated, which should be tumor localizing, non-toxic
and absorbed in the red region of the spectrum.

C-phycocyanin (C-PC) is one of the major water-soluble
biliprotein present in Spirulina platensis and the structure
is similar to hematoporphyrin. This protein is frequently
used in food products and in cosmetics because of its blue
color and its strong fluorescence in the visible region.
Recently, C-PC has been reported to have several biologi-
cal activities including anti-tumor [5], hepatoprotective [6],
anti-oxidant [7], radical scavenging [8], and anti-
inflammatory functions [9]. Studies have revealed that
C-PC significantly reduced the viability of mouse myeloma
cells after radiation at dose of 300 J/cm2 at 514 nm for
3 days compared with cells exposed to laser or phycocya-
nin only [5].
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He–Ne laser (wavelength: 632.8 nm) is characterized by
good directivity, high intensity, and good monochromati-
city [10–13]. In addition, He–Ne laser has several other
biological effects such as increasing cell vitality [14–16],
improving phagocytosis [17–19], and promoting immune
responses [20–23]. External radiation is easy, and patients
can bear radiation-induced pain. So far, there are few
reports concerning the application of He–Ne laser in the
treatment of cancer [24–26].

To our knowledge, there are few researches currently
focusing on the molecular mechanism of MCF-7 cell apop-
tosis induced by C-PC-mediated PDT. The present study
was carried out to investigate the effects of C-PC on
MCF-7 cells in combination with He–Ne laser both in a
murine tumor model and in cultured cells. Possible mech-
anisms of apoptosis of MCF-7 breast cells induced by
C-PC-mediated PDT were explored.

Materials and Methods

Materials
C-PC was extracted from S. platensis and purified as pre-
viously reported [27]. The purity of C-PC was 4.71 as
shown by the ratio of A620/A280 nm. MCF-7 cell line was
obtained from the Laboratory of Algal Biotechnology
(College of Marine Life Sciences, Ocean University of
China, Qingdao, China). BALB/c mice were purchased
from Experimental Animal Center, Medical College of
Qingdao University. Fas immunohistochemistry kit, CD44 in
situ hybridization kit, and rabbit anti-human Fas/NF-kB/P53/
Bcl-2/caspase-9 monoclonal antibodies were purchased from
Boster Biological Engineering Co., Ltd (Wuhan, China).
FITC-goat anti-human cytochrome c McAb was purchased
from Invitrogen (Carlsbad, USA). Phosphate-buffered saline
(PBS), RPMI 1640 medium, fetal bovine serum were pur-
chased from Gibco (Pascagoula, USA). Poly-lysine and
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] were from Sigma (St Louis, USA).

Establishment of animal model and grouping
A total of 56 adult BALB/c mice (28 males and 28
females, weighing 20–22 g) were used for the study. The
mouse tumor models were set up by subcutaneous injection
of 1 � 105 MCF-7 cells near the spleen area. Twenty-four
hours later, the mice were randomly divided into four
groups: control group (16 mice), He–Ne laser radiation
group (16 mice), C-PC treatment group (14 mice) which
was given 2 ml C-PC (320 mg/ml), and C-PC þ laser radi-
ation group (10 mice) receiving 2 ml C-PC (320 mg/ml)
followed 2 h later by He–Ne laser radiation. The animals
were held by rat holders during He–Ne laser treatment.
He–Ne laser was amplified by convex lens and vertically
radiated at the splenic projective area. The anterioposterior

diameter of laser was 0.5 cm. He–Ne laser therapy (wave-
length: 632.8 nm, power density: 76.43 J/cm2, output
power: 24 mW/cm2) was carried out once per day for 13
days, 10 min each time [28].

Collection of samples
After 13 days of treatment, the mice in each group were
sacrificed by cervical dislocation at the desired time point
and the celiac cavity was opened immediately. Thymus
and spleen were taken out, and the tumor mass was separ-
ated from skin. The middle part of the tumor mass was cut
into small pieces of �1.0 � 0.5 � 0.5 cm3 for preparing
paraffin blocks. The remaining parts were triturated to
make unicellular suspension.

Tumor weight and tumor forming rate
The average tumors were weighed and the tumor forming
rates were calculated. Tumor forming rate was defined as
the number of mice with tumor formation against the total
number of mice in the each experimental group.

Determination of immunocyte proliferation ability
by MTT assay
Thymocytes and splenocytes (5 � 106 cells/well) were cul-
tured, respectively, in 96-well plates at 378C in the pres-
ence of 20 ml of ConA (25 mg/ml) for 48 h in a final
volume of 100 ml. Then, 10 ml of MTT (5 mg/ml) was
added to each well. The mixture was incubated for an
additional 5 h in 5% CO2 at 378C and then centrifuged at
112.5 g at 48C for 10 min, and the supernatant was dis-
carded. The precipitate was dissolved in 100 ml of DMSO
and the absorbance values at 490 nm (A490 nm) were
measured. The inhibition ratio of each group was calculated
as follows: inhibition ratio ¼ (A490 nm of control group 2

A490 nm of experiment group)/A490 nm of control group.

Immunohistochemistry staining
The paraffin slices were put on microscope slides pre-
viously coated with 0.1% poly-lysine solution. The slices
were conventionally dewaxed and treated with 30% H2O2:
methanol (1: 50) at room temperature for 5–10 min.
After wash with distilled water, antigen was restored by
heat. The expressions of proteins (Fas/NF-kB/P53) were
examined by immunohistochemical staining. Briefly, after
culturing in blocking buffer (provided in the immunohisto-
chemistry kit), the slides were incubated with biotinylated
rabbit anti-human Fas/NF-kB/P53 monoclonal antibodies,
respectively (1:30, 1:100, 1:60), followed by incubation
with streptavidin–biotin complex (SABC) and diaminoben-
zidine (DAB, for color development). The slides were
observed under light microscope. The positively stained
cells were counted in five randomly selected high
power fields (�400), and the positive rate was scored as
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following: ,5%, 0 score; 5–25%, 1 score; 26–50%,
2 scores; 51–75%, 3 scores; 76–100%, 4 scores. An
additional scoring system was applied based on coloration
intensity: no coloration, 0 score; light coloration, 1 score;
medium coloration, 2 scores; deep coloration, 3 scores.

The relative quantity of protein expression was deter-
mined on the basis of the combination of the two scoring
systems employed: (2): 0–1 score, negative; (þ): 2–3
scores, slightly positive; (þþ): 4–5 scores, moderately
positive; (þþþ): 6–7 scores, strongly positive.

Screening CD44 mRNA expression by in situ
hybridization
Three oligonucleotide probes for CD44 mRNA (30 bp
labeled with digoxin at 50 end) were synthesized by Boster
Biological Engineering Co., Ltd (50-GCAGATCGATTT-
GAATATAACCTGCCGCTA-30, 50-TGAGCAGCGGCT-
CCTCCAGTGAGAAGAGCA-30, 50-ACTCCAGAC CAG-
TTTATGACAGCTGATGAG-30). Cells were placed on
microscope slides coated with 0.1% poly-lysine solution
and fixed at room temperature for 20–30 min by 4% poly-
formadehyde/0.1 M PBS. After being washed with distilled
water, the slides were treated with 30% H2O2: methanol
(1:50) at room temperature for 30 min to block endogenous
peroxidase activities and then washed with distilled water.
Prehybridization was performed by adding 20 ml prehybri-
dizational solution (provided in the CD44 in situ hybridiz-
ation kit) on the slides and incubated in wet box at 38–
428C for 2–4 h. Then, 40 ml of hybridization liquid con-
taining 40 ng probe was added on the slides which were
then incubated overnight and washed with saline sodium
citrate. CD44 mRNA expression was determined by
immunohistochemical staining. In brief, the slides were
incubated in blocking buffer followed by incubation with
biotinylated mouse anti-digoxin IgG, SABC, and DAB.
The slides were observed under light microscope.

MCF-7 cell viability determined by MTT assay
MCF-7 cells (5 � 104 cells/well) were cultured in 5% CO2

incubator at 378C for 24 h in RPMI 1640 medium (con-
taining 10% fetal calf serum, 100 U/ml penicillin, and
100 ml/ml streptomycin) in 96-well plates. The cells were
divided into four groups (8 wells in each group): control
group: cells were incubated in the absence of C-PC; He–
Ne laser radiation group: cells received 2-min He–Ne laser
radiation everyday in the absence of C-PC; C-PC group:
cells were incubated in the presence of 80 mg/ml C-PC;
C-PC þ He–Ne laser radiation group: cells were incubated
in the presence of 80 mg/ml C-PC for 2 h prior to 2-min
He–Ne laser radiation. After 72 h of incubation, MCF-7
cells were ready for different studies. For MTT assay,
20 ml of MTT (5 mg/ml in PBS) was added to each well,
and cells were incubated for an additional 4 h at 378C and

then scraped and centrifuged. The precipitate was dissolved
in 100 ml of DMSO and the absorbance value was
measured at 490 nm [29].

Determination of apoptotic characteristics of MCF-7
cells by electron microscopy
Cultured MCF-7 cells were scraped, harvested by centrifu-
gation (200 g, 10 min, 48C), resuspended, and fixed in
2.5% glutaraldehyde for 2 h. After being washed with
PBS, the cells were post-fixed in 1.5% osmium tetroxide,
dehydrated through graded alcohol, and embedded in Epon
812 for subsequent sectioning. The ultrathin sections were
stained with uranyl acetate and lead citrate, placed on
grids, and examined under transmission electron
microscope.

Western blot analysis of caspase-9 expression
Cultured MCF-7 cells were washed with ice-cold PBS and
gently lysed for 30 s in 80 ml ice-cold lyses buffer
(250 mM sucrose, 1 mM EDTA, 0.05% digitonin, 25 mM
Tris, pH 6.8, 1 mM dithiothrietol, 1 mg/ml aprotinin, 1 mg/
ml pepstatin, 1 mg/ml leupeptin, 1 mM PMSF, 1 mM ben-
zamidine). Lysates were centrifuged at 14,340 g at 48C for
5 min. Supernatants were electrophoresed on a 15% poly-
acrylamide gel and fractionated proteins were transferred
from gel onto PVDF membrane. Subsequently, the mem-
brane was blocked with pH 7.4 PBS (containing 1% BSA)
overnight, incubated with rabbit anti-human caspase-9
monoclonal antibody (1: 50) at 378C for 1 h, washed with
pH 7.4 PBS (containing 0.1% Tween-20) for 3 min (five
times in total), and incubated with horseradish peroxidase-
labeled goat anti-rabbit IgG (1:400) at 378C for 1 h.
Finally, the caspase-9 protein was detected by DAB
coloration for 15 min.

Immunofluorescence measurement of cytochrome c
release
Harvested MCF-7 cells were dropped on microscope slides
and fixed in 95% alcohol for 5 min, and then incubated
with FITC-goat anti-human cytochrome c McAb (1:50) at
378C for 45 min. After being washed twice with PBS, the
slides were observed under fluorescence microscope.
Negative control was designed as PBS substituting for
primary antibody. Positive cells were counted in five ran-
domly chosen high power fields (�400), and the percen-
tage of positive cells showing cytochrome c release was
calculated.

Analysis of Bcl-2 expression by immunohistochemistry
Cultured MCF-7 cells were harvested, washed twice with
PBS, dropped on microscope slides previously coated with
0.1% poly-lysine solution, and fixed at room temperature
by 4% polyformadehyde/0.1 M PBS for 20–30 min. After
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washed with distilled water, the slides were treated with
30% H2O2:methanol (1:50) at room temperature for 30 min
and washed again. Then, the slides were incubated with
blocking buffer followed by the biotinylated rabbit anti-
human Bcl-2 monoclonal antibody (Boster, 1:100) and
SABC. DAB was used for color development. Slides were
observed under light microscope. Five high-power fields
(�400) were randomly selected, and percentage of positive
cells showing the reduction of Bcl-2 expression was
calculated.

Statistical analysis
The results were expressed as mean+SE. Data were
obtained from three independent experiments. Student’s
t-test was used for comparison between means. The differ-
ence was considered statistically significant when P ,

0.05. SPSS software was used.

Results

Determination of the tumor weight and tumor
forming rate
When compared with the control group, both the tumor
weight and tumor forming rate were lowered in C-PC
group. However, both indexes were further reduced in
C-PC þ laser group (P , 0.05, Fig. 1). On the contrary,
He–Ne laser was found to be of no significant effect on
the tumor growth. These results illustrated that C-PC
showed anti-tumor activity, and the combination of C-PC

and He–Ne laser radiation could strikingly inhibit tumor
formation.

Effects of C-PC and He–Ne laser on immune organs
and immunocytes
Figure 2 demonstrated that C-PC could promote organs
growth and proliferation of thymocytes and splenocytes of
the mice with tumor. When compared with the control
group, a significant increase in the numbers of thymocytes
and splenocytes was found in C-PC group (P , 0.05).
Nevertheless, the immunocyte proliferation was further
increased when the cells were treated with C-PC and He–
Ne laser radiation (P , 0.01). The results suggested that
C-PC had immune-enhancing activity, which was
especially enhanced in combination with laser radiation.

Effects of C-PC and He–Ne laser on the expressions
of FAS, NF-kB, and P53 in tumor tissue
Positively stained cells in tumor tissue determined by
immunohistochemistry showed brownish yellow color
which mainly localized in cytomembrane and cytoplasm.
As shown in Fig. 3, positive cells in C-PC group were

Figure 1 Effects of C-PC and He–Ne laser on tumor weight and
tumor forming rate (A) Effects of C-PC and He–Ne laser on tumor

weight. (B) Effects of C-PC and He–Ne laser on tumor forming rate.

Tumor forming rate was significantly reduced in C-PC þ laser group

compared with the control group. *P , 0.05 vs control group.

Figure 2 Determination of immune organs weight and immunocyte
proliferation ability by MTT assay (A) Determination of immune

organ weight. (B) Determination of immunocyte proliferation ability by

MTT assay. C-PC could promote the proliferation of immunocytes

(thymocytes and splenocytes) of the mice with tumor (*P , 0.05

compared with the control group). He–Ne laser radiation showed synergic

effects when combined with C-PC (**P , 0.01).
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stained more fuscous than in the control group that was
similar to He–Ne laser group, whereas positive cells in
C-PC þ laser group was most intensely stained. These
results indicated that C-PC could promote the Fas
expression of tumor tissue, and when combined with
He–Ne laser, this effect was further enhanced.

Table 1 revealed that the positive rates of both NF-kB
and P53 expressions in tumor tissue of C-PC group (70%
and 85.71%, respectively) were lower than those in control
group (both 93.75%) (P , 0.05), but higher than those of
C-PC þ He–Ne laser group (50 and 60%, respectively)
(P , 0.01). Theses results suggested that C-PC could
restrain the NF-kB and P53 expressions, and in the pres-
ence of He–Ne, the inhibitory effects were more distinct.

Influence of C-PC 1 He–Ne laser on CD44 mRNA
expression in tumor tissue
Synthesized CD44 oligonucleotide probes were applied to
determine the expression of CD44 mRNA. The results of
in situ nucleic acid hybridization observed under light
microscope showed that positive cells were stained brown-
ish yellow, which mainly resided in cytomembrane and
cytoplasm. Figure 4 showed that the expression of CD44

mRNA in tumor tissue in C-PC þ laser radiation group
was obviously less than those in either C-PC group or He–
Ne laser group. He–Ne laser group and control showed
similar CD44 expression. These results suggested that
C-PC treatment alone could suppress the CD44 mRNA
expression of tumor tissue and He–Ne laser illumination
alone had no obvious effects. However, C-PC combined
with He–Ne laser radiation could significantly decrease the
expression of CD44 mRNA.

Combination of C-PC and He–Ne laser inhibited
the growth of MCF-7 cells in vitro
In order to determine the effects of C-PC and He–Ne laser
on the growth of MCF-7 cells in vitro, MTT assay was
adopted. The results demonstrated that the number of
MCF-7 cells survived in C-PC group was obviously fewer
than that of control group or that of He–Ne laser group
(P , 0.05). However, if the cells were treated with C-PC þ
He–Ne laser radiation, the number of survived MCF-7
cells was further decreased (P , 0.01, Fig. 5). So, C-PC
had inhibitory effect against the proliferation of MCF-7
cells in vitro, and this inhibitory activity could be enhanced
by He–Ne laser radiation.

Figure 3 Effects of C-PC and He–Ne laser on Fas protein expression by immunohistochemical staining (A) Control group; (B) laser group;

(C) C-PC group; (D) C-PC þ laser group. Positively stained cells showed brownish yellow color which mainly localized in cytomembrane and

cytoplasm. The positive cells in C-PC treatment group was dyed more fuscous than that in untreated control group, whereas the positive cells in C-PC þ
laser treatment group were much saturated than the other three groups. He–Ne laser radiation alone has no clear efficacy. Scale bar ¼ 50 mm.

Table 1 Effects of C-PC and He–Ne laser on NF-kB and P53 expressions in the tumor tissue

Group (n) NF-kB P53

2 þ þþ þþþ Positive rate (%) 2 þ þþ þþþ Positive rate (%)

Control (16) 1 3 4 8 93.75 1 2 3 10 93.75

He-Ne laser (16) 1 5 4 6 93.75 1 4 2 9 93.75

C-PC (14) 3 6 3 2 70.00* 3 5 3 3 85.71*

C-PC þ laser (10) 5 2 2 1 50.00** 4 4 1 1 60.00**

2, Negative; þ, slightly positive; þþ, moderately positive; þþþ, strongly positive. n, number of mice. *P , 0.05 vs control group. **P , 0.01 vs

control group.
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Electron microscope observation of MCF-7
cell apoptosis
To judge whether the anti-tumor activity of C-PC and
He–Ne laser was associated with apoptosis, we further
discerned the ultrastructural changes of MCF-7 cells by
transmission electron microscopy. Results revealed the
presence of a series of morphological changes such as loss
of microvilli and blebbing of cell membrane in C-PC
group and chromatin condensation into dense granules or
blocks in C-PC þ laser group, all of which were character-
istics of cells undergoing apoptosis. On the contrary,
untreated control cells exhibited normal morphology and
no sign of apoptosis appeared (Fig. 6). These results
further confirmed that C-PC together with He–Ne radiation
could induce MCF-7 cells death by apoptosis.

Figure 4 Screening CD44 mRNA expression by in situ hybridization (A) Control group; (B) laser group; (C) C-PC group; (D) C-PC þ laser group.

Positive cells were stained brownish yellow, which mainly resided in cytomembrane and cytoplasm. The expression quantities of CD44 mRNA in tumor

tissue in C-PC þ laser radiation group were obviously lower than those in either C-PC group or He–Ne laser group in which CD44 expression quantities

resembled those in control group. Scale bar ¼ 50 mm.

Figure 5 MCF-7 cell viability determined by MTT assay Both C-PC

group (*P , 0.05 compared with control group) and He–Ne laser group

could inhibit MCF-7 cell proliferation. However, if the cells were treated

with C-PC þ He–Ne laser radiation, proliferation of MCF-7 cells were

further inhibited (**P , 0.01).

Figure 6 Electron micrographs of MCF-7 cells (A) Untreated control cells which showed normal morphology and no sign of apoptosis appeared.

(B) MCF-7 cells treated with C-PC. The cells showed apoptotic morphology including chromatin condensation into dense granules or blocks. (C) MCF-7

cells exposed to C-PC and He–Ne laser irradiation treatments. The cells showed loss of microvilli and blebbing of cell membrane which were

characteristics of cells undergoing apoptosis. These results further confirmed that C-PC together with He–Ne radiation could induce MCF-7 cells death

by apoptosis. Scale bar ¼ 3 mm.
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Effects of C-PC and He–Ne laser on the caspase-9
expression of MCF-7 cells in vitro
In the present study, western blot analysis was used to
measure the caspase-9 expression. As depicted in Fig. 7,
caspase-9 was almost not detectable in the cytoplasm in
untreated control cells (lane 1), whereas after He–Ne laser
radiation at MCF-7 cells, caspase-9 expression was
increased (lane 2). C-PC alone (lane 3) or in combination
with He–Ne laser (lane 4) could further increase caspase-9
activities in MCF-7 cells.

Detection of cytochrome c release
The release of cytochrome c, one of the most important
respiratory-chain proteins, from the mitochondria into the
cytosol is the hallmark of cells passing through apoptosis.
To specify the molecular basis of apoptosis, the release of
cytochrome c into the cytosol was screened in MCF-7 cells
by immunofluorescence analysis. The fluorescence inten-
sity in cytosol in C-PC group, which represented the

quantities of cytochrome c, was higher than those in
control group or in He–Ne laser group. When the MCF-7
cells were treated with C-PC þ He–Ne laser, the fluor-
escence intensity was clearly elevated (Fig. 8). The percen-
tage of cells showing the release of cytochrome c was
40.6% in C-PC group and 65.2% in PDT group. However,
in control group and He–Ne laser group, the data were
6.5% and 11.1%, respectively.

Effects of C-PC and He–Ne laser on Bcl-2
protein expression
Bcl-2 residing in mitochondria is novel among proto-
oncogenes and shows the unique functional role of block-
ing apoptosis. Many researches argue that Bcl-2 provided a
distinct survival signal to cells and may contribute to neo-
plasia. Positively stained cells showed brownish yellow
color. As shown in Fig. 9, MCF-7 cells in C-PC group
were stained more slightly than in the control group,
whereas the cells in C-PC þ laser group were most slightly
stained. The percentage of cells showing the reduction of
Bcl-2 protein synthesis was 39.7% in C-PC group and
68.4% in PDT group. However, in control group and He–
Ne laser group, the data were 7.4% and 10.3%, respect-
ively. These results suggested that untreated cells expressed
higher levels of Bcl-2 protein, which was down-regulated
in C-PC treated cells. With the help of He–Ne laser radi-
ation, C-PC could further down-regulate the production of
the Bcl-2 protein.

Figure 7 Western blot analysis of caspase-9 expression MCF-7 cells

were analyzed by 15% SDS–PAGE, and after electrophoresis, proteins on

the gel were transferred to nitrocellulose membrane and probed with

mouse anti-caspase-9 monoclonal antibody. Lane 1: control group; lane 2:

He–Ne laser group; lane 3: C-PC group; lane 4: C-PC þ He–Ne laser

group.

Figure 9 Immunohistochemistry determining the effects of C-PC 1 He–Ne laser on Bcl-2 expression (3400) (A) Control group; (B) He–Ne

laser group; (C) C-PC group; (D) C-PC þ He–Ne laser group. Positive cells took on brownish yellow color. MCF-7 cells in C-PC group were stained

more slightly than in the control group, whereas the cells in C-PC þ laser group were most slightly stained. These results indicated untreated cells

expressed higher levels of Bcl-2 protein which was down-regulated in C-PC treated cells. In combination with He–Ne laser radiation, C-PC could further

down-regulate the expression of the Bcl-2 protein in MCF-7 cells.

Figure 8 Immunofluorescence measurement of cytochrome c release (3400) (A) Control group; (B) He–Ne laser group; (C) C-PC group;

(D) C-PC þ He–Ne laser group. From Groups A to D, the fluorescence intensity was gradually strengthened which represented release quantities of

cytochrome c were increased. The quantities of cytochrome c in cytosol in the MCF-7 cells of C-PC group was higher than those in untreated control

group or in He–Ne laser group. Combination of C-PC and He–Ne laser treatment obviously increase cytochrome c release as shown by the fluorescence

intensity.
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Discussion

In present study, a natural substance, C-PC, isolated from
S. platensis, was investigated for its potential as a new
promising photosensitizer in PDT. The functional mechan-
isms of C-PC-mediated PDT in inducing MCF-7 cell apop-
tosis were explored both in vivo and in vitro.

The mice tumor model was successfully established by
subcutaneous injection of MCF-7 cells. He–Ne laser radi-
ation and C-PC treatment were applied for the investigation
of their possible therapeutic effects and the functional
mechanisms. The results suggested that C-PC had an anti-
tumor activity, and if in combination with He–Ne laser
treatment, the effects were further heightened.

The mechanism of tumor destruction by PDT incorpor-
ates a variety of events leading to the inactivation of tumor
cells. Once generated by PDT, it is conceivable that these
immune cells can be engaged in additional eradication of
disseminated and/or metastatic lesions of the same cancer
[30]. A number of immunotherapy regimens have already
been proven effective in enhancing the curative effect of
PDT with various animal tumor models. It has been proved
that PDT could induce non-specific and specific immune
reactions which might improve PDT-mediated anti-tumor
efficacy [31–33]. In the present study, the effects of C-PC
in combination with He–Ne laser on immune organs and
immunocytes were investigated. The data illustrated that
C-PC had an immune enhancing activities, which were
increased when applied together with He–Ne laser.

The occurrence of apoptosis as a mechanism of
PDT-mediated cell death has previously been demonstrated
both in vitro [34,35] and in vivo [36]. For example,
phthalocyanine-mediated PDT has been shown previously
to induce apoptosis and G0/G1 cell cycle arrest in A431
human epidermoid carcinoma cells [37]. In the present
study, immunohistochemistry analysis showed that C-PC
treatment together with He–Ne laser radiation, could
enhance pro-apoptotic Fas protein expression (Fig. 3),
meanwhile held back the expressions of anti-apoptotic NF-
kB, P53 proteins, and CD44 mRNA (Table 1 and Fig. 4).
These results confirmed C-PC was an ideal photosensitizer,
which accumulates in tumor tissue and attracts He–Ne
laser to target at the cancer tissue. Consequently, C-PC
induced the activation of pro-apoptotic genes and down-
regulation of anti-apoptotic genes expression, and then
facilitated the transduction of tumor apoptosis signals that
resulted in the apoptosis of MCF-7 cells in vivo.

In order to comprehensively reveal the functional mech-
anism of C-PC-mediated PDT in MCF-7 cells, in vitro
studies using MCF-7 cells were carried out. MTT assay
was adopted to determine the effects of C-PC cooperating
with He–Ne laser on the growth of MCF-7 cells. The
results showed that C-PC treatment combined with He–Ne

laser radiation could significantly inhibit MCF-7 cell
growth (Fig. 5).

Apoptosis is a specific mode of cell death recognized by
a characteristic pattern of morphological, biochemical, and
molecular changes [38–40]. The present study demon-
strated the cultured MCF-7 cells treated by C-PC together
with He–Ne laser took on remarkably morphological
changes like cell shrinkage, formation of membrane blebs,
nuclear and cytoplasmic condensation, and micronuclei, as
observed under transmission electron microscope (Fig. 6).

As is well known, caspase-9 plays a vital role in virtually
apoptotic signaling pathways, so we analyzed the caspase-9
activation in MCF-7 cells treated with C-PC þ He–Ne
laser. Results showed that caspase-9 was activated in
MCF-7 cells treated with C-PC and its activity was appar-
ently elevated in C-PC þ He–Ne laser group (Fig. 7).
Caspase-9 was an initiator of apoptosis, and it was regu-
lated by Fas/tumor necrosis factor receptor-1 (TNF-R1) and
TNF-related apoptosis-inducing ligand (TRAIL). When
Fas/TNF-R1 combined with ligand, caspase-9 would be
activated. The present data suggested that C-PC-mediated
PDT induced caspase-dependent apoptosis.

One of the major apoptotic pathways is activated by the
release of apoptotic protein, cytochrome c, from mitochon-
dria into the cytosol. To specify the molecular basis of
apoptosis, the release of cytochrome c into the cytosol was
measured in MCF-7 cells by immunofluorescence analysis.
According to the variation of fluorescence intensity of
cytochrome c in cytoplasm (Fig. 8), it was found C-PC
treatment could induce cytochrome c release, and this indu-
cing effect can be enhanced with the assistance of the
He–Ne laser radiation.

Plenty of evidences suggest that blocks in the process of
apoptosis may be closely associated with carcinogenesis
and that many cancer cells have defensive machinery for
self-destruction [41]. The photosensitizer PC4, a silicon
phthalocyanine used in PDT, could induce translocation of
the pro-apoptotic Bax from the cytosol to the mitochondria
in human breast cancer MCF-7cs cells [42]. Bcl-2 has
emerged as a new type of proto-oncogene interfered with
apoptosis independent of promoting cell division [43].
He–Ne laser has little effect on anti-apoptotic Bcl-2
protein expression in MCF-7 cells. However, when a com-
bination of C-PC and He–Ne laser was applied, Bcl-2
protein expression levels were down-regulated (Fig. 9),
which might be responsible for C-PC-mediated PDT
induced apoptosis in MCF-7 cells through the continuous
transduction of tumoral apoptosis signals.

In a word, C-PC-mediated PDT was approved as a
potential therapy for cancer. The functional mechanism
may be that, acting as a good photosensitizer, C-PC is
accumulated in tumor tissue, and He–Ne light delivery can
be targeted to the tumor tissue, and the combination has
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provided an effective tumor therapy with efficient cytotox-
icity and limited damage to the surrounding normal tissue.
C-PC-mediated PDT was found to activate immune system,
including amplification of leukocytes activity after PDT. In
addition, C-PC-mediated PDT was able to cause an apopto-
tic response in cancer cells, which explained the extensive
efficacy of PDT. Moreover, C-PC-mediated PDT could pre-
ferably induce the activation of pro-apoptotic Fas genes
and down-regulation of anti-apoptotic protein expression
such as Bcl-2, NF-kB, P53, and CD44 mRNA. When Fas
binds to its ligand, caspase-9 would be activated.
Cytochrome c is released into cytocol and forms the apop-
totic complex with caspase-9, apoptosis protease-activating
factor, and dATP, which in turn activates caspase-9.
Caspases activation facilitates the transduction of tumoral
apoptosis signals, resulting in the cleavage of cellular sub-
strates and eventually leading to apoptosis of MCF-7 cells.

The present study put forward a new idea for the mol-
ecular mechanism of C-PC-mediated PDT and a theoretic
basis. Since C-PC is a natural pigment and a component of
edible Spirulina extracts, having no toxic side effects, it
might become a good substitute to highly toxic convention-
al photosensitizers or chemotherapeutic anticancer drugs in
the future. Furthermore, C-PC mediated-PDT technique is
easy, inexpensive, and of short duration, so it is useful to
develop a new way for the treatment of cancer.
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