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c-phycocyanin: a natural product 
with radiosensitizing property 
for enhancement of colon cancer 
radiation therapy efficacy through 
inhibition of COX-2 expression
Amirhosein Kefayat  1, fatemeh Ghahremani  2*, Ashkan Safavi  3, Alireza Hajiaghababa  4  
& Jamal Moshtaghian  5

Different chemical and nanomaterial agents have been introduced for radiosensitizing purposes. 
However, many researchers believe these agents are far away from clinical application due to side 
effects and limited knowledge about their behavior in the human body. In this study, C-phycocyanin 
(C-PC) was used as a natural radiosensitizer for enhancement of radiation therapy (RT) efficacy. 
C-PC treatment’s effect on the COX-2 expression of cancer cells was investigated by flow cytometry, 
western blot, qRt-pcR analyses in vitro and in vivo. Subsequently, the radiosensitizing effect of C-PC 
treatment was investigated by MTT and clonogenic cell survival assays for CT-26, DLD-1, HT-29 colon 
cancer cell lines and the CRL-1831 as normal colonic cells. In addition, the C-PC treatment effect on 
the radiation therapy efficacy was evaluated according to CT-26 tumor’s growth progression and 
immunohistochemistry analyses of Ki-67 labeling index. C-PC treatment (200 µg/mL) could significantly 
enhance the radiation therapy efficacy in vitro and in vivo. Synergistic interaction was detected at 
C-PC and radiation beams co-treatment based on Chou and Talalay formula (combination index <1), 
especially at 200 µg/mL C-PC and 6 Gy radiation dosages. The acquired DEF of C-PC treatment was 1.39, 
1.4, 1.63, and 1.05 for CT-26, DLD-1, HT-29, and CRL-1831 cells, respectively. Also, C-PC + Rt treated 
mice exhibited 35.2% lower mean tumors’ volume and about 6 days more survival time in comparison 
with the Rt group (p < 0.05). In addition, C-PC + RT group exhibited 54% lower Ki-67 index in 
comparison with the RT group. Therefore, C-PC can exhibit high radiosensitizing effects. However, the 
potential cardiovascular risks of C-PC as a COX-2 inhibitor should be evaluated with extensive preclinical 
testing before developing this agent for clinical trials.

Colorectal cancer is known as a prevalent malignancy in the human societies1. Despite advance achievements in 
the field of colorectal cancer treatment, it remains one of the deathliest cancers worldwide. Radiation therapy is a 
part of the therapeutic approaches for locally advanced, locally recurrent, and oligometastatic colorectal tumors. 
Also, it can be used for palliative purposes2. At the rectal cancer management, radiation therapy plays the adju-
vant treatment’s role to enhance the chemotherapy efficacy3–6.

Radiotherapy employs high energy radiation beams to damage malignant cells2. However, radioresistant prop-
erties of colon tumors significantly decrease the therapeutic efficacy7. Radioresistance means adaption of tumor 
cells to the radiation therapy-induced changes and developing of resistance to the radiation beams by utilizing 
multiple genes, factors, and mechanisms8,9. It is one of the main causes of radiation therapy failure in cancer 
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patients which can cause poor prognosis10. Therefore, radiosensitizing agents have gained lots of attention for 
conquering this problem.

Radiosensitizers can significantly enhance radiation therapy efficacy. Different types of radiosensitizers have 
been introduced including chemical radiosensitizers, nanomaterials, etc.11,12. Recently, metal nanoparticles like 
gold nanoparticles have received lots of attention for radiosensitizing purposes13,14. However, many researchers 
believe that nanomaterials are far away from clinical applications due to lack of knowledge about their behavior 
inside the human body and unknown side effects15,16. Therefore, many studies have focused on nature originated 
drugs due to fewer side effects, high biocompatibility17, and better patients’ compliance in comparison with chem-
ical agents and nanomaterials18. Many anticancer drugs which are originated from natural products have exhib-
ited significant effectiveness for cancer treatment. These components are derived from plants, marine organisms, 
and microorganisms19.

C-phycocyanin (C-PC) is a biocompatible water-soluble biliprotein which exist in Spirulina platen-
sis20. C-PC has exhibited potent various biological activities such as anti-oxidant21, radical scavenging22, and 
anti-inflammatory properties. Also, many studies have reported the anti-proliferative and anti-metastatic role of 
this protein against different cancer cell lines23–25. C-PC main mechanism of action is to inhibit cyclooxygenase-2 
(COX-2) pathway26–28. COX-1 and COX-2 are the two recognized isoforms of COX. COX-1 is involved in con-
trolling the normal tissues’ hemostasis. However, COX-2 expression has exhibited high correlation with tumor 
promoters, oncogenes, and carcinogens29–31. Many cancer types exhibited up-regulated expression of COX-2. In 
addition, COX-2 expression is associated with tumor grade, bad prognosis, and tumor invasion and metasta-
sis32–34. Recently, many studies have identified the determinative role of COX-2 in the cancer cells radioresistant 
property. According to these studies, overexpression of COX-2 has a direct relation with cancer cells’ resistance to 
radiation beams. Also, inhibition of COX-2 caused significant enhancement at the radiation therapy efficacy and 
decreased the cancer cells’ radioresistance35,36.

Anti-tumor effect of C-PC at different cancers have been reported by different studies. Selective COX-2 inhib-
itory property of C-PC has been identified as one of the main reasons for its anti-tumoral effects. As COX-2 
pathways are deeply involved in the radioresistance of cancer cells and this cancer cells’ property is one of the 
main reasons of treatment failure, we hypothesis that C-PC can act as a natural radiosensitizer for enhancement 
of radiation therapy efficacy. According to the best of our knowledge, this is the first time to use C-PC as the adju-
vant treatment for enhancement of radiation therapy efficacy.

Methods and Materials
Cell culture and preparation. The CT-26 (murine colon cancer), DLD-1 (human colon cancer), HT-29 
(human colon cancer), and CRL-1831 (normal human colonic cells) cell lines were purchased from the Pasteur 
Institute of Tehran, Iran. CT-26, DLD-1, and HT-29 cells were maintained in RPMI 1640 (Sigma, USA) supple-
mented with 10% fetal bovine serum (Sigma, USA) and penicillin-streptomycin (100 units/mL and 10 μg/mL,  
respectively) in the standard cell culture condition at 37 °C with 5% CO2. The CRL-1831 were cultured in 
DMEM-F12. When the cells’ confluence at the bottom of culture flask reached 80%, they were detached by 0.25% 
Trypsin and 0.001% EDTA solution (Sigma, USA) and then counted by Neubauer method and passaged to reach 
to the needed number of cells.

Cell viability assay. The cells were seeded at 96-well plates at a density of 105 cells per well and incubated 
for 24 hours. At first, the effect of different concentrations of C-PC on CT-26, DLD-1, HT-29, and CRL-1831 cell 
lines was investigated. Therefore, the cells were incubated with 0, 50, 100, and 200 µg/mL of C-PC for 24 h. Then, 
the C-PC was washed out by PBS and cells were incubated for another 24 h. After 24 h, the viability of the cells was 
evaluated using MTT kit according to the manufacturer’s instructions. The viability percent was expressed by rel-
ative value to the untreated cells (0 µg/mL). For each concentration at least 6 wells were used and the experiment 
was repeated three times. At the next step, the radiosensitizing effect of C-PC was evaluated at different radiation 
therapy dosages (2, 4, and 6 Gy). The cells were incubated with different concentrations of C-PC (0, 50, 100, and 
200 µg/mL) for 24 h and then the wells were washed three times with PBS. After removing C-PC, the cells were 
irradiated by a Compact linear accelerator (Primus, Siemens Ltd, Germany). Source-to-surface distance (SSD) of 
100 cm and field size of 25 × 25 cm2 were set. The plates were irradiated with 2,4, and 6 Gy with a dose rate of 200 
MU/min. After 24 h, cellular viability was evaluated using the MTT assay kit. The viability percent was expressed 
by relative value to the cells which were not treated with C-PC or irradiation. To investigate the type of interaction 
between C-PC treatment and radiation therapy, the combination index (CI) was calculated based on the Chou 
and Talalay formula37 by using the obtained data from the MTT assay according to previous studies38.

Clonogenic cell survival assay. The clonogenic cell survival assay was done based on previous studies39. 
Briefly, 105 cells were seeded in 35 mm2 dishes and incubated for 24 h. Then, the cells were treated with C-PC 
(200 µg/mL) and incubated for 24 h. Subsequently, the cells were washed 3 times with PBS and irradiated with 
different doses of X-rays (0, 2, 4, 6, and 8 Gy). Immediately after irradiation, the cells were detached by trypsin 
and suspended in PBS to have a single cell suspension. The cells were counted by Neubauer method and the 
appropriate number of cells were reseeded in 100 mm2 Petri plates for 15 days. For each sample, at least three 
plates were prepared. At last, the cancer cells colonies were fixed by methanol and the fixed colonies were stained 
by crystal violet (0.5%). These colonies were counted by a loupe microscope (Olympus, Tokyo, Japan)39,40. The 
survival curves were drawn to obtain the dose enhancement factor (DEF)41. These investigations were done for 
all the used cell lines in the MTT assay including CT-26, DLD-1, HT-29, and CRL-1831. For more details please 
refer to our previous publication42.
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Animal husbandry and handling. 70 Female BALB/c mice (age: 6–8 weeks, weight: 23 ± 2 g) were pur-
chased from the Pasteur Institute of Tehran, Iran. The mice were maintained at 24 ± 2 °C temperature, 50 ± 10% 
relative humidity, and 12 h light/12 h dark cycle condition with complete access to standard mouse chow and 
water. The mice were acclimated for 10 days before the start of the study. If any signs of pain, wounds, massive 
tumor necrosis, hemorrhage, or diffuse metastasis were observed during any steps of the study, the mice were 
sacrificed by an overdose of ketamine/xylazine solution.

Cancer cells implantation and tumor-bearing mice radiation therapy. 32 mice were involved in 
this experiment. The left flank of the mice was shaved and sterilized by 70% alcohol. Each mouse was injected 
subcutaneously with 1 × 106 CT-26 cells suspended in 50 µL of DMEM-F12 (Sigma, USA) into its left flank. To 
determine tumors’ growth progression, the greatest longitudinal diameter (length) and the greatest transverse 
diameter (width) of the tumors were determined every 5 days. Then, the tumor’s volume was calculated by the 
tumor volume Eq. (1). When the tumors volume reached 50–70 mm³, the mice were randomly divided to 4 
groups (n = 8) including PBS (no-treatment), C-PC, Radiation therapy (RT), and C-PC + RT. The mice at the 1st 
group were injected with PBS. The 2nd group was intraperitoneally (i.p) injected with C-PC 50 mg/kg once every 
other day during 30 days. The 3rd group was irradiated with 6 Gy at the 10th and 20th days of the experiment. The 
C-PC + RT group was injected with C-PC 50 mg/kg once every other day during 30 days and, they were 6 Gy 
irradiated at the 10th and 20th days of the experiment. Before radiation therapy, the mice have intraperitoneally 
injected with a Ketamine-Xylazine (KX) solution (Ketamine: 190 mg/kg, Xylazine: 4 mg/kg) to immobilized them 
during irradiation. All the therapeutic approaches for each group are illustrated in Fig. 1. At the next step for sur-
vival analysis, all the groups were kept under observation for the next 60 days. The animals’ death was recorded 
every day. Standardized human endpoint used to euthanize animals was the failure to eat and drink for over 3 
days and without any limb movement.

= × × .Tumor volume (Tumor length) (Tumor width) 0 52 (1)2

Flow cytometry. The CT-26 cells were incubated with different concentrations (50, 100, and 200 µg/mL) of 
C-PC (Sigma, USA) for 48 h. The C-PC was purchased from Sigma. Also, a group of cell-seeded wells were just 
irradiated with 6 Gy radiation (without C-PC treatment) and incubated for 24 h. Then, the cells were detached 
by trypsin and washed 3 times with PBS. Subsequently, they were fixed with paraformaldehyde (1%) for 10 min, 
followed by the addition of Triton X‐100 (0.3%) for another 10 min. Then, the cells were washed 3 times. The 
pellet of cells was suspended in PBS and stained with anti-COX-2 fluorescein isothiocyanate (FITC)‐conjugated 
monoclonal antibody (Cayman Chemical, USA). The cells were incubated with the antibody for 15 min in the 
dark. The unattached antibodies were discarded by centrifuging and PBS washing. Also, three samples of control 
CT-26 cells which were not incubated with anti-COX-2 antibody (unstained cells) were analyzed by flow cytome-
ter (BD FACS Calibur, USA) for identifying the FL1-H+ and FL1-H – regions. The stained samples of control, 50, 
100, 200 µg/mL treated cells were diluted in PBS and analyzed by flow cytometer. At least 5000 cells were analyzed 
from each sample. The results were analyzed using FlowJo (FlowJo, LLC, USA). Each group contained at least 
three samples and the experiment was repeated three times. The FL1-H- region was introduced to contain more 
than 99% of the unstained cells. Therefore, the FL1-H- will exhibit the COX-2 negative cells and the cells which 
express COX-2 will place at the FL1-H+ region.

Western blot analysis. Anti-COX-2 antibody (ab179800, Abcam, USA) and anti-beta actin antibody 
(ab8227, Abcam, USA) were utilized for this study43. For in vitro evaluations of C-PC treatment effect on the COX-2 
expression, CT-26 cells were incubated with different concentrations of C-PC (0, 50, 100, 200, and 300 μg/mL)  
in 6-well plates for 24 h. Subsequently, the cells were trypsinized and harvested after PBS washing. The protein 
concentrations of the samples were detected using a BCA protein assay kit (Abcam, USA). For in vivo evaluations, 
10 female BALB/c mice were purchased and injected with CT-26 cells. When the tumors reached 50–70 mm3, the 
tumor-bearing mice were randomly divided into two groups (n = 5) including control and C-PC. The control 
group was injected with PBS. The C-PC group was i.p injected with C-PC (50 mg/kg) one every other day. The 
mice were sacrificed after 10 days and the tumors were harvested. Subsequently, the tumors were homogenized 
in RIPA buffer containing a proteinase inhibitor cocktail (Abcam, USA), sonicated, and incubated at 4 °C for 
20 minutes on a rocking platform. Cell debris was removed by centrifugation and protein content was determined 
by Bradford assay. Proteins (40–80 µg) were separated on 10% SDS-PAGE gels and transferred onto nitrocellulose 

Figure 1. Schematic illustration of the therapeutic approaches for each group. The first day is when the tumors’ 
volume reached 50–70 mm3. Then, the tumors diameters were measured every 5 days for 30 days.
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membranes. 4% milk protein in PBS/0.1% Tween-20 was employed for blocking of the membranes. The primary 
antibody was added to the same buffer and incubated overnight at 4 °C. Then, the anti-rabbit HRP-conjugated 
secondary antibody (ab6721, Abcam, USA) was added and incubated for one hour at the room temperature. 
Proteins were visualized on autoradiographic film using ECL reagent (Pierce). The MCF-7 cells which were cul-
tured at 2-D culture were used as the negative control. Previous studies have used the lysed MCF-7 cells as a 
negative control for COX-2 expression analysis44.

Immunohistochemistry. 12 BALB/c mice were purchased and injected with CT-26 cells. When the tumors 
reached 50–70 mm3, the mice were randomly divided into 4 groups (n = 3) including PBS (no-treatment), C-PC, 
Radiation therapy (RT), and C-PC + RT. The treatment approaches were the same as section 2.6. The mice were 
sacrificed after 11 days and the tumors were harvested. Immunohistochemistry (IHC) was done according to pre-
vious studies45. Briefly, the tumors were fixed with 10% formalin and then, processed by employing an automatic 
tissue processor (Sakura, Japan). Then, the paraffin-embedded specimens were processed according to previous 
studies46 to be stained with anti-Ki-67 antibody (ab21700, Abcam, USA). Immuno-positive cells were quanti-
fied at random microscopic fields at ×400 magnification by an expert pathologist. A digital light microscope 
(Olympus, Tokyo, Japan) was used to capture the photographs.

Quantitative real-time RT-polymerase chain reaction (qRT-PCR). qRT-PCR was done as previous 
studies have described47. Briefly, CT-26 cells were incubated with different concentrations of C-PC (0, 50, 100, 
200, and 300 μg/mL) in 6-well plates for 24 h. Subsequently, the cells were washed with PBS and harvested for total 
RNA extraction using the Trizol reagent following the manufacturer’s instructions. Primescript™ RT reagent kit 
was employed for reverse-transcribing RNA into cDNA. Rotor-Gene 3000 real-time PCR apparatus was used in 
this study. Also, the SYBR Green fluorescent dye method was utilized. COX-2 primer sequence (Invitrogen CO): 
5- TCGATGTCATGGAACTGTA -3 (sense) and 5- TTCCAGTATTGAGGAGAAC -3 (anti-sense). beta-actin, 
its primer sequence was 5-GTTGCGTTACACCCTTTCTTG-3 (sense), 5-TGCTGTCACCTTCACCGTTC-3 
(antisense). The relative expressions of COX-2 was assessed by utilizing Beta-actin as an internal control. The 
PCR conditions were as follows: a pre-denaturing at 95 °C for 2 min, followed by 45 cycles of denaturation at 95 °C 
for 10 s, annealing/extension at 60 °C for 20 s. The 2-ΔΔCT method was employed to calculate the relative abun-
dance of the target gene expression. For each cDNA, the target gene mRNA level was normalized to beta-actin 
mRNA level. The experiments were performed in triplicate.

Analysis of PGE2 synthesis. As previous studies have described48, CT-26 cells were seeded at 12-well plates 
for 12 h. Then, different concentrations of C-PC (0, 50, 100, 200, and 300 μg/mL) were added to culture media and 
incubated for 24 h. Subsequently, arachidonic acid was added to each well and after 1 h, the culture media were 
collected and cell derbies were removed by centrifuging. Prostaglandin E2 (PGE2) level in the cell-free culture 
medium was measured by employing PGE2 ELISA kits (Cayman Chemical Company, USA) according to the 
manufacturer’s instructions.

Histopathology and blood biochemical assays. 16 female BALB/c mice were randomly divided into 2 
groups (n = 8) including PBS and C-PC groups. The mice at the 1st group were injected with PBS. The 2nd group 
was i.p injected with C-PC (50 mg/kg) once every other day during 30 days. The mice were closely monitored for 
the mortality, appearance, behavioral pattern changes such as weakness, aggressiveness, food or water refusal, and 
pain or any signs of illness within these 30 days. Also, the animals were weighed every 10 days to monitor their 
body weight. At the 30th day, the mice were sacrificed and their blood was collected and the discarded serum was 
used for biochemistry evaluations. Blood urea nitrogen (BUN), creatinine (Cr), alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST) were measured for biochemical assays. Moreover, the harvested organs 
were fixed, processed, sectioned, and stained by Hematoxylin & Eosin (H&E) according to previous studies49,50. 
Then, two pathologists reviewed the blindly-labeled slides. A digital light microscope (Olympus, Japan) was used 
to capture the slides’ histopathological photographs.

Statistics and mathematical analyzes. The statistical analyses were performed by employing JMP 11.0 
software (SAS Institute, Japan) and using one-way analysis of variance (ANOVA) with Tukey’s post-hoc test. To 
investigate the type of interaction between C-PC treatment and radiation therapy, the combination index (CI) 
was calculated based on the formula of Chou and Talalay37 and for this purpose, the data which were obtained 
from MTT assay were used according to previous studies38. The in vitro experiments were repeated at least three 
times and for each group in the in vivo experiments, at least 5 mice were included. The results were displayed as 
the mean ± standard deviation (SD). The difference was considered statistically significant if P < 0.05. (*P < 0.05, 
ns: not significant).

Ethics statement. All experiments were done according to the Guidelines for the Care and Use of 
Laboratory Animals of Arak University of Medical Sciences, which refer to American Association for Laboratory 
Animals Science and the guidelines laid down by the NIH (NIH Guide for the Care and Use of Laboratory 
Animals) in the USA. All experimental protocols were approved by the ethics committee of Arak University of 
Medical Sciences.

Results
Radiosensitizing effect of C-PC treatment on the normal and cancerous cell lines in vitro. To 
investigate the radiosensitizing effect of C-PC treatment, three colon cancer cell lines including CT-26, DLD-1, 
and HT-29 were selected. Also, CRL-1831 was used as the normal colonic cell line. A 96-well plate which was 
seeded by these cell lines was prepared and the cells were incubated with 0, 50, 100, and 200 µg/mL concentrations 
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of C-PC for 24 h to exhibit the C-PC effect on the normal and cancerous colon cells. In this plate, the wells which 
were incubated with 0 µg/mL C-PC (the first column from the left side of the MTT assay charts) were used as the 
control. The other plates were irradiated with 2, 4, and 6 Gy X-ray radiation after 24 h incubation with different 
concentrations (0, 50, 100, and 200 µg/mL) of C-PC. The wells which were incubated with 0 µg/mL C-PC (the 
2nd column from the left side of the MTT assay charts) can exhibit the effect of RT mon-treatment on the cells’ 
viability. This experiment was repeated three times. As Fig. 2A illustrates, treatment with 200 µg/mL C-PC caused 
significant enhancement at the radiation therapy efficacy of all the colon cancer cell lines’ according to MTT 
assay. The lowest cancer cells’ viability was observed at the wells which were treated with 200 µg/mL C-PC + RT. 
Therefore, C-PC treatment can significantly sensitize the colon cancer cells to the radiation beams, especially at 
200 µg/mL concentration. However, normal colonic cells treatment with C-PC didn’t cause significant (P > 0.05) 
impact on the radiation beams effect on these cells.

Also, the MTT assay obtained data were used to investigate the synergistic interactions between C-PC treat-
ment and radiation therapy. These data were used to determine whether co-treatment with C-PC and radiation 
therapy were interacting in a synergistic or additive manner based on the Chou and Talalay formula37,38,51. As 
Fig. 2B illustrated, the calculated combination index (CI) indicated a synergistic interaction between C-PC treat-
ment and radiation therapy for colon cancer cell lines. But this interaction wasn’t synergistic for CRL-1831 cells 
as the normal colonic cell line.

To validate the MTT assay results, the radiosensitizing effect of C-PC was evaluated by clonogenic cells’ via-
bility assay (Fig. 3) and the most effective concentration of C-PC treatment according to MTT assay (200 µg/mL)  
was selected for this experiment. The acquired DEF for treatment with 200 µg/mL C-PC was 1.39, 1.4, 1.63, and 
1.05 for CT-26, DLD-1, HT-29, and CRL-1831 cells, respectively. Therefore, C-PC at this concentration can sig-
nificantly sensitize the colon cancer cells to radiation beams and enhance radiation therapy efficacy. However, no 
radiosensitizing effect was observed after C-PC treatment for the normal colonic cells.

Radiosensitizing effect of C-PC treatment on the CT-26 colon cancer cells in vivo. The tumor 
growth progression and survival time were investigated at 4 groups (n = 8) of CT-26 tumor-bearing mice includ-
ing PBS (no-treatment), C-PC, Radiation therapy (RT), and C-PC + RT which were underwent different thera-
peutic regimes (Fig. 1). The mice at the 1st group were injected with PBS. The 2nd group was treated with 50 mg/kg  
C-PC, i.p, once every other day during 30 days. This dosage of C-PC treatment was selected according to the 
previous studies which have used C-PC as the main treatment for inhibition of tumors’ growth28. The 3rd group 
was irradiated with 6 Gy at the 10th and 20th days of the experiment. The C-PC + RT group was injected with 
C-PC 50 mg/kg once every other day during 30 days and, they were 6 Gy irradiated at the 10th and 20th days of the 
experiment (6 Gy, two times with 10 days interval). As Fig. 4A illustrates, the C-PC treatment could significantly 
inhibit the tumors’ growth in comparison with the no-treatment group. However, the slowest tumors’ growth 
progression was observed at the tumors of mice which were treated with the combination of C-PC and radiation 
therapy. Although radiation therapy could significantly inhibit the tumors’ growth, the combination of C-PC and 

Figure 2. Investigation of the C-PC and radiation beams synergistic effects on the cancer and normal cells 
viability at different concentrations of C-PC (50, 100, and 200 µg/mL) and different radiation therapy dosages 
(2,4, and 6 Gy) by MTT assay and CompuSyn software. (A) Three different colon cancer cell lines including 
CT-26, DLD-1, HT-29 and CRL-1831 as the normal colonic cell line were used. (The first columns from the 
left side of the MTT assay charts exhibit the cell viability of the wells which were incubated with 0 µg/mL C-PC 
as the control (no-treatment). Also, the cell viability of the wells which were mono-treated with 2, 4, and 6 Gy 
radiation was illustrated in the 2nd, 3rd, and 4th column from the left side of the MTT assay charts to exhibit the 
effect of radiation therapy mono-treatment on the cancer cells viability (*P < 0.05, ns: not significant). (B) To 
investigate, the synergistic effect of radiation therapy and C-PC co-treatment. The combination index (CI) was 
calculated by analyzing the MTT assay data for different cell lines using CompuSyn software. CI < 1, CI = 1, and 
CI > 1 stand for synergistic, additive, and antagonistic effects, respectively. Also, Fa refers to inhibitory rate.
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radiation therapy treatment (50 mg/kg once every other day for 30 days plus two times radiation with 10 days 
interval) caused a significantly higher therapeutic effect. At the last day of measuring tumor’s diameters (30th day), 
the mean tumors’ volume for the control group was 1960 ± 140 mm3. The C-PC treatment, RT, and C-PC + RT 
groups exhibited a 32.1%, 37.7%, and 59.6% decrease in the tumors volume in comparison to the control. These 
observations can demonstrate the radiosensitizing effect of C-PC treatment for enhancement of radiation ther-
apy efficacy. In addition, the effect of each therapeutic approach was investigated on the tumor-bearing mice 
survival time (Fig. 4B, Table 1). The mean survival time for the control group was 33 ± 1.4 days. C-PC treatment 
caused about 10 days increase in the tumor-bearing mice survival time in comparison with control. However, the 
tumor-bearing mice at the C-PC + RT group exhibited 50.1 ± 3.3 days mean survival time which was significantly 
(P < 0.05) more than all other groups.

Ki-67 is a marker which indicates the proliferating cells and the Ki-67 index can quantitatively estimate 
the cancer cells’ proliferation rate at the tumor. As Fig. 5 illustrated, the Ki-67 index was 56.4 ± 6.1% for the 
no-treatment group (n = 3), 31.6 ± 9.4% for the C-PC group (n = 3), 27.8 ± 7.3% for the RT group (n = 3), and 
12.8 ± 5.1% for the C-PC + RT group (n = 3). Therefore, C-PC pre-treatment (C-PC + RT) could significantly 
(P < 0.05) decrease the Ki-67 index in comparison with no-treatment, C-PC, and RT groups. These results are 
inconsistent with the tumors’ growth progression and mean survival times at the different groups.

Figure 3. Investigation of the radiosensitizing effect of C-PC pre-treatment by clonogenic cell viability assay for 
three different colon cancer cell lines (CT-26, DLD-1, and HT-29) and a normal colonic cell line (CRL-1831). 
(*P < 0.05, ns: not significant).

Figure 4. Evaluation of the radiosensitivity effect of C-PC treatment on of the CT-26 colon tumors in vivo. (A) 
The tumors’ growth progression and (B) tumor-bearing mice survival time at different groups (n = 8) including 
Control, C-PC, RT, and C-PC + RT. (*P < 0.05, ns: not significant).

Groups Survival time (Days)

Control 33 ± 1.4

C-PC 43.7 ± 4.1

RT 43.6 ± 3.4

C-PC + RT 50.1 ± 3.3

Table 1. Evaluation of the tumor-bearing mice mean survival time in different groups. Control: No-treatment 
group, RT: Radiation therapy, C-PC: C-phycocyanin. C-PC + RT: Combination of C-PC treatment and 
radiation therapy.
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Predominant mechanism in mediating radiosensitizing effect of C-PC. Previous studies have 
attributed most of the therapeutic properties of C-PC to two mechanisms including direct COX-2 inhibition and 
downregulating COX-2 expression26,27,47. However, determining the predominant axis between these two mecha-
nisms in mediating the synergism between C-PC and radiation therapy is very important as direct COX-2 inhibi-
tion can cause major cardiovascular toxicity and many direct COX-2 inhibitors has been prevented from clinical 
utility52,53. For this purpose, the levels of COX-2 mRNA (Fig. 6A) and protein (Fig. 6B–D) were measured by 
qRT-PCR and western blot, respectively. COX-2 mRNA was highly expressed in the CT-26 cancer cells and C-PC 
treatment caused significant decrease in the COX-2 mRNA and protein levels. The most suppression of COX-2 
mRNA and protein expression was observed at 200 and 300 µg/mL C-PC treated cells. However, no significant 
(P > 0.05) difference was observed between these two concentrations for inhibition of COX-2 expression. In addi-
tion, the levels of prostaglandin E2 (PGE2) as the main product of COX-2 enzyme activity was measured at the 
cell culture media. As illustrated in Fig. 6E, the PGE2 level for the control (0 µg/mL), 50, 100, 200, and 300 µg/mL  
C-PC treated cells culture media were 84.1 ± 10, 73.3 ± 9, 54.2 ± 4, 29.2 ± 4, and 12.8 ± 3 pg/mL, respectively. 
Therefore, 50, 100, 200, and 300 µg/mL C-PC treatment caused about 12, 35, 64, and 84% decrease at the PGE2 
levels in comparison with control (0 µg/mL C-PC), respectively. On the other hand, 50, 100, 200, and 300 µg/mL  
C-PC treatment caused about 6, 28, 56, and 58% decrease in the mRNA levels of COX-2 in comparison with 
control (0 µg/mL) and also, about 8, 30, 64, and 68% decrease in the COX-2 protein levels. Therefore, It seems that 
in all of the C-PC concentrations the main determinative mechanism for decrease of PGE2 level is decrease of 
COX-2 expression. 200 and 300 µg/mL concentrations exhibited no significant difference at inhibition of COX-2 
mRNA and protein expression. However 300 µg/mL concentration exhibited significantly higher decrease in the 
PGE2 level in comparison with 200 µg/mL which can be attributed to increase of direct COX-2 inhibition effect 
of C-PC at this concentration.

Inhibition of COX-2 expression by C-PC treatment in vivo. The inhibitory effect of C-PC treatment 
on the CT-26 cells’ COX-2 expression was evaluated in vitro and in vivo. For in vitro evaluations, the CT-26 cells 
were incubated with different concentrations of C-PC (50, 100, and 200 µg/mL) for 48 h. Then, the COX-2 expres-
sion at the inner of the cancer cells was evaluated by flow cytometry (Fig. 7A). At first, the control cells which 
were not incubated with C-PC were analyzed. As illustrated in Table 2, COX-2 was expressed by more than 92% 
of the untreated CT-26 cells. However, this percentage decreased to 88.2 ± 7.6%, 71.6 ± 6.1%, and 25.2 ± 9.4% 
after treatment with 50, 100, and 200 µg/mL of C-PC, respectively. Also, the COX-2 expression at the 6 Gy irra-
diated CT-26 cells exhibited no significant (P > 0.05) difference in comparison with control. Taking together, it 
seems treating of the CT-26 colon cancer cells with C-PC can significantly cause inhibition of COX-2 expression. 
However, RT per se doesn’t significantly affect COX-2 expression.

Figure 5. Light microscopy photographs of the immunostained sections of CT-26 tumors at different groups 
(Control, C-PC, RT, and C-PC + RT) on the 11th day of treatment (n = 3).
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At the next step, the inhibitory effect of C-PC treatment on the CT-26 colon tumors’ COX-2 expression was 
evaluated in vivo. The tumor-bearing mice were i.p injected with C-PC 50 mg/kg once every other day for 10 
days. This dosage of C-PC treatment was selected according to the previous studies which have used C-PC as the 
main treatment for inhibition of tumors’ growth28. The western blot analyses exhibited high expression of COX-2 
protein at the CT-26 tumor which was significantly inhibited by C-PC treatment (Fig. 7B). Therefore, C-PC treat-
ment can significantly decrease COX-2 expression at the CT-26 colon tumors.

Safety of high dose C-PC treatment. Although many studies have demonstrated the safety of C-PC54–56, 
applying a high dose of C-PC (50 mg/kg) can cause some concerns about its probable side effects in high doses 
treatment. Therefore, BALB/c mice were injected with C-PC (50 mg/kg, i.p) once every other day during 30 days 
and the animals were completely monitored during this time period. No sign of changes at the appearance and 
behavioral pattern of the mice were observed. In addition, no significant difference in the bodyweight of the C-PC 
injected and control animals were detected (Fig. 8). At the 30th day, the mice were sacrificed and their plasma was 
collected for biochemical (Fig. 9A) analyzes. Also, their organs including (lungs, liver, kidney, brain, and spleen) 
were harvested for histopathological investigations (Fig. 9B). No sign of organ damage or toxicity was observed at 
histopathological evaluations of the identified organs in the C-PC injected animals.

Discussion
Radiation therapy employs high energy radiation beams to damage cancer cells through direct or indirect effects. 
Radiation beams’ direct interactions with DNA can cause single and double-strand breaks. Also, radiation ther-
apy generates reactive oxygen species (ROS) from the radiolysis of water which can destroy biomolecules known 
as indirect effects. Therefore, these direct and indirect effects can change gene expression pattern and cellular 
signaling pathways for apoptosis induction or activation of pro-survival mechanisms to determine the cancer 
cells’ fate57–59.

Radioresistance means cellular resistance to the activation of apoptosis signaling pathways after irradia-
tion60,61. One of the most well-known and determinative agents for radioresistance properties of cancer cells 
is COX-2. Induction or overexpression of COX-2 causes inhibition of cancer cells’ apoptosis62, resistance 
to treatments63, and proliferation64. COX-2 is the inducible member of the cyclooxygenase’s enzymes family. 

Figure 6. Evaluation of C-PC treatment effect on the COX-2 expression in the CT-26 cells. (A) The relative 
levels of COX-2 mRNA at the CT-26 cells after treatment with different concentrations of C-PC (0, 50, 100, 
200, and 300 µg/mL) according to qRT-PCR analyses. (B) western blot analyses of beta-actin and (C) COX-2 
proteins expression after treatment with different concentrations of C-PC (0, 50, 100, 200, and 300 µg/mL). The 
1, 2, 3, 4, 5, and 6 lanes represent the protein marker, 0, 50, 100, 200, and 300 µg/mL samples, respectively. The 
figure displays the full-length blots with no cropping. (D) The normalized COX-2 protein levels at different 
treatment groups (0, 50, 100, 200, and 300 C-PC µg/mL). (E) The PGE2 level at the CT-26 cells’ culture media 
after 24 h incubation with different concentrations of C-PC (0, 50, 100, 200, and 300 µg/mL). (*P < 0.05, ns: not 
significant).
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This enzyme is located at the luminal side of the endoplasmic reticulum and nuclear membrane. It plays a key 
role in prostaglandin and other eicosanoids biosynthesis from arachidonic acid65. Different growth factors and 
cytokines including IL-1β, IL-6, or TNF-α are involved in the regulation of COX-2 gene expression66. Besides, 
the COX-2 gene promoter contains an NF-κB response element as well as mentioned cytokines-dependent (i.e., 
IL-6) response elements65. Also, ROS production of radiation therapy per se can up-regulate COX-2 gene expres-
sion through activation of NF-κB67,68. According to previous studies, COX-2 overexpression cause production 

Figure 7. Investigation of C-PC effect on the cancer cells’ COX-2 expression in vitro and in vivo. (A) Flow 
cytometry analyses of COX-2 expression at the CT-26 cancer cells after incubation with different concentrations 
of C-PC (50, 100, and 200 µg/mL) and radiation therapy. The control cells were treated with PBS. The unstained 
cells were not incubated with anti-COX-2 antibody to identify the FL1-H+ and FL1-H- regions (FL1-H+: 
COX-2 positive region, FL1-H-: COX-2 negative region). Also, a group of wells was just irradiated (6 Gy) to 
identify the radiation therapy effect on COX-2 expression. (B) Western blot analysis of COX-2 expression in 
the tumors of C-PC treated (lane 3) tumor-bearing mice. Lane 2 exhibits the no-treated tumor-bearing mice’s 
tumors as positive control. The lanes 1 and 4 are presenting the ladder and the lysed MCF-7 cells as the negative 
control, respectively. The figure displays the full-length blots with no cropping.

Groups COX-2 negative % COX-2 positive %

Control 7.2 ± 4.3% 92.8 ± 4.3%

RT 1.7 ± 1.1% 98.3 ± 1.1%

C-PC 50 µg/mL 11.8 ± 7.6% 88.2 ± 7.6%

C-PC 100 µg/mL 28.4 ± 6.1% 71.6 ± 6.1%

C-PC 200 µg/mL 74.8 ± 9.4% 25.2 ± 9.4%

Table 2. Evaluation of C-PC treatment effect on the COX-2 expression in the CT-26 cells by flow cytometry. 
Control: The cells which were not treated with C-PC (0 µg/mL), C-PC: C-phycocyanin., RT: radiation therapy.

Figure 8. Monitoring of C-PC multiple high dose injections effect on the non-tumor bearing BALB/c mice 
weight during 30 days treatment period.
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of prostaglandins (PG) which is known to modulate cell proliferation and cell death in many types of cancer 
including the colon. PGs act through different membrane receptors called EP receptors leading to activation 
of different pathways including β-catenin, a pathway which activates cancer cells’ proliferation69. Also, PGs can 
inhibit apoptosis in the cancer cells through up-regulation of the anti-apoptotic members of the Bcl2 family. On 
the other hand, COX-2 can stimulate the expression of ERK and PI-3K/Akt through stimulation of the EGFR 
pathway which leads to up-regulation of Bcl-2 proteins70. Also, up-regulation of PI-3K deactivates the Bcl-2 
agonist of cell death (BAD) gene expression which is a pro-apoptosis gene71. Taken together, radiation therapy 
causes different destructions in the cancer cells like DNA damage which activate different pathways including 
DNA damage pathways (i.e., p53) to induce apoptosis. In contrast, COX-2 can inhibit apoptosis process through 
the production of PGs in the cancer cells which inhibit apoptosis and activate cancer cells’ proliferation through 
different pathways as mentioned above. Therefore, COX-2 induction or overexpression can cause significant radi-
oresistance at the cancer cells72.

C-PC is a natural product and many studies have attributed its therapeutic effects to inhibition of COX-2 
expression and activity26,27,73–76. On the other hand, COX-2 plays undeniable role in cancer radioresistance. 
Therefore, our team focused on the effects of C-PC on the COX-2 pathway and determining the predominant 
mechanisms in mediating the synergism between C-PC and radiation therapy26,27,47. The mechanism of direct 
COX-2 activity inhibition by C-PC appears to be the same as the selective COX-2 inhibitor drugs (e.g. celecoxib). 
This inhibition is caused via formation of a complex at the active site of the COX-2 enzyme77,78. COX-2 active 
site can accommodate bigger structures in comparison with COX-1 due to its larger size79. Therefore, bigger 
size of C-PC (~37.5 kDa) in comparison with non-steroidal anti-inflammatory drugs (NSAIDs) and also, its 
three-dimensional structure can ease its binding to the COX-2 active site80. In accordance to this fact, many 
studies have reported more potency of C-PC (IC50: 180 nM) for inhibition of COX-2 activity in comparison with 
celecoxib (IC50: 255 nM) and rofecoxib (IC50: 401 nM)27,81,82. As mentioned above, COX-2 gene up-regulation 
depends on different agents, including inflammatory cytokines (i.e., TNF-α, IFN-γ, IL-1, and IL-6) and onco-
genes (such as Wnt/β-catenin)36,83,84. Many studies have demonstrated the inhibitory effect of C-PC on these 
factors’ activity including IL-6, IL-1, IFN-γ, TNF-α, and Wnt/β-catenin. In addition, C-PC can reduce NF-κB 
signaling activity which has a well-known binding site for COX-2 gene promotor24,85,86. Therefore, C-PC not only 
directly inhibits COX-2 activity but also, decrease COX-2 protein expression.

In this study, C-PC was used for enhancement of colon cancer radiation therapy through COX-2 expression 
inhibition as a natural radiosensitizer. The used C-PC dosage was selected according to the previous studies 
which have used C-PC as the main treatment for inhibition of tumors’ growth in vivo. Lia et al. investigated 
12.5, 25, and 50 mg/kg C-PC for inhibition of pancreatic cancer tumor’s growth in vivo and observed the best 

Figure 9. Histopathological exams and blood biochemical analyses of the mice treated with PBS and C-PC 
(n = 8) for the evolution of C-PC treatment safety. (A) Blood urea nitrogen (BUN), creatinine (Cr), alanine 
aminotransferase (ALT), and aspartate aminotransferase (AST) were measured as blood biochemical analyzes. 
(B) Photographs of histopathological sections from liver, spleen, lungs, brain, and kidney of the mice at PBS and 
C-PC treated groups (All scale bars are 200 µm). (*P < 0.05, ns: not significant).
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therapeutic efficacy at 50 mg/kg28. In addition, no toxicity was reported in these dosages by the authors. In this 
study, histopathological and blood biochemical evaluations did not exhibit any damage to liver, lungs, spleen, 
brain, and kidney due to C-PC treatment (Fig. 9). According to other studies, administration of C-PC at the 
high doses from 250 to 500 mg/kg body weight (w/w) does not induce obvious symptoms nor mortality in ani-
mals55. Also, clinical safety of high dose phycocyanin (~1000 mg/day) was demonstrated by Jensen et al.54. Taken 
together, these observations suggest the relevant potential of high dosage C-PC for further cancer-related clinical 
trials. However, the potential cardiovascular risks of C-PC treatment as a COX-2 inhibitor should be evaluated 
with extensive preclinical testing before developing this agent for clinical trials. This issue is important because 
COX-2 down regulation in normal endothelial cells is deeply related to increasing risk of cardiovascular dis-
eases which was observed with other COX-2 inhibitors (e.g. Celecoxib). Selective suppression of vasodilator and 
platelet inhibitory prostaglandins without blocking the vasoconstrictive and platelet-activating prostaglandins 
by COX-2 inhibitors can enhance the risk of hypertension, atherosclerosis, or even thrombosis87–90. Therefore, 
comprehensive preclinical experiments for investigating the C-PC safety in relation to cardiovascular toxicity is 
necessary in further studies.

conclusions
C-PC is an anti-cancer agent with the natural origin which has a long history of application as a food supplement. 
Many studies have reported anti-cancer properties for C-PC and demonstrated that C-PC exerts its effect through 
different mechanisms including COX-2 inhibition. According to this study, C-PC can significantly enhance the 
radiation therapy efficacy at colon cancer cells in vitro and in vivo. Therefore, C-PC not only can inhibit cancer 
cells proliferation but also sensitizes them to radiation beams. Its natural origin, long history of food supplement 
application, significant anti-tumor effects, and radiosensitizing properties can facilitate its evaluation at clinical 
trials. However, the potential cardiovascular risks of C-PC treatment as a COX-2 inhibitor should be evaluated 
with extensive preclinical testing before developing this agent for clinical trials.

Received: 31 May 2019; Accepted: 29 November 2019;
Published: xx xx xxxx

References
 1. Chen, P., Xi, Q., Wang, Q. & Wei, P. Downregulation of microRNA-100 correlates with tumor progression and poor prognosis in 

colorectal cancer. Medical Oncology 31, 235 (2014).
 2. Häfner, M. F. & Debus, J. J. V. M. Radiotherapy for colorectal cancer: Current standards and future perspectives. 32, 172–177 (2016).
 3. Saltz, L. B. & Minsky, B. J. T. S. C. O. N. A. Adjuvant therapy of cancers of the colon and rectum. 82, 1035–1058 (2002).
 4. Krook, J. E. et al. Effective surgical adjuvant therapy for high-risk rectal carcinoma. 324, 709–715 (1991).
 5. Seiwert, T. Y., Salama, J. K. & Vokes, E. E. J. N. R. C. O. The concurrent chemoradiation paradigm—general principles. 4, 86 (2007).
 6. Kim, E. H., Kim, M.-S. & Jung, W.-G. J. O. R. The mechanisms responsible for the radiosensitizing effects of sorafenib on colon 

cancer cells. 32, 2421–2428 (2014).
 7. Jin, H. et al. Re-sensitization of radiation resistant colorectal cancer cells to radiation through inhibition of AMPK pathway. 11, 

3197–3201 (2016).
 8. Tang, L. et al. Role of metabolism in cancer cell radioresistance and radiosensitization methods. 37, 87 (2018).
 9. Geng, L. & Wang, J. J. P. R. O. Molecular effectors of radiation resistance in colorectal cancer. 1, 27-33 (2017).
 10. Kim, B. et al. Therapeutic implications for overcoming radiation resistance in cancer therapy. 16, 26880–26913 (2015).
 11. Linam, J. & Yang, L.-X. J. A. R. Recent developments in radiosensitization. 35, 2479–2485 (2015).
 12. Wardman, P. J. C. O. Chemical radiosensitizers for use in radiotherapy. 19, 397–417 (2007).
 13. Liu, Y. et al. Metal-based nanoenhancers for future radiotherapy: radiosensitizing and synergistic effects on tumor cells. 8, 1824 

(2018).
 14. Su, X.-Y., Liu, P.-D., Wu, H., Gu, N. J. C. B. & medicine. Enhancement of radiosensitization by metal-based nanoparticles in cancer 

radiation therapy. 11, 86 (2014).
 15. Gwinn, M. R. & Vallyathan, V. J. E. H. P. Nanoparticles: health effects—pros and cons. 114, 1818–1825 (2006).
 16. Wolfram, J. et al. Safety of nanoparticles in medicine. 16, 1671-1681 (2015).
 17. Rayan, A., Raiyn, J. & Falah, M. Nature is the best source of anticancer drugs: Indexing natural products for their anticancer 

bioactivity. PloS one 12, e0187925 (2017).
 18. Karimi, A., Majlesi, M. & Rafieian-Kopaei, M. Herbal versus synthetic drugs; beliefs and facts. Journal of nephropharmacology 4, 27 

(2015).
 19. Seelinger, M. et al. Methanol extract of the ethnopharmaceutical remedy Smilax spinosa exhibits anti-neoplastic activity. 

International journal of oncology 41, 1164–1172 (2012).
 20. Ravi, M. et al. Molecular mechanism of anti-cancer activity of phycocyanin in triple-negative breast cancer cells. BMC cancer 15, 768 

(2015).
 21. Romay, C. et al. C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and neuroprotective effects. 4, 207–216 (2003).
 22. Bhat, V. B. & Madyastha, K. J. B. Communications, b. r. C-phycocyanin: a potent peroxyl radical scavenger in vivo and in vitro. 275, 

20–25 (2000).
 23. Jiang, L. et al. C-Phycocyanin exerts anti-cancer effects via the MAPK signaling pathway in MDA-MB-231. cells. 18, 12 (2018).
 24. Hao, S. et al. The in vitro anti-tumor activity of phycocyanin against non-small cell lung cancer cells. 16, 178 (2018).
 25. Pardhasaradhi, B. V., Ali, A. M., Kumari, A. L., Reddanna, P. & Khar, A. J. M. C. T. Phycocyanin-mediated apoptosis in AK-5 tumor 

cells involves down-regulation of Bcl-2 and generation of ROS. 2, 1165–1170 (2003).
 26. Reddy, M. C. et al. C-Phycocyanin, a selective cyclooxygenase-2 inhibitor, induces apoptosis in lipopolysaccharide-stimulated RAW 

264.7 macrophages. 304, 385–392 (2003).
 27. Reddy, C. M. et al. Selective inhibition of cyclooxygenase-2 by C-phycocyanin, a biliprotein from Spirulina platensis. 277, 599-603 

(2000).
 28. Liao, G. et al. Phycocyanin inhibits tumorigenic potential of pancreatic cancer cells: role of apoptosis and autophagy. 6, 34564 

(2016).
 29. Liu, B., Qu, L. & Yan, S. J. C. C. I. Cyclooxygenase-2 promotes tumor growth and suppresses tumor immunity. 15, 106 (2015).
 30. Sobolewski, C., Cerella, C., Dicato, M., Ghibelli, L. & Diederich, M. J. I. J. O. C. B. The role of cyclooxygenase-2 in cell proliferation 

and cell death in human malignancies. 2010 (2010).
 31. Yusup, G. et al. A COX-2 inhibitor enhances the antitumor effects of chemotherapy and radiotherapy for esophageal squamous cell 

carcinoma. 44, 1146–1152 (2014).

https://doi.org/10.1038/s41598-019-55605-w


1 2Scientific RepoRtS |         (2019) 9:19161  | https://doi.org/10.1038/s41598-019-55605-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 32. Xu, L. et al. COX-2 inhibition potentiates antiangiogenic cancer therapy and prevents metastasis in preclinical models. 6, 
242ra284–242ra284 (2014).

 33. Singh, B. et al. COX-2 involvement in breast cancer metastasis to bone. 26, 3789 (2007).
 34. Sinicrope, F. A., Gill, S. J. C. & Reviews, M. Role of cyclooxygenase-2 in colorectal cancer. 23, 63–75 (2004).
 35. Davis, T. W., Hunter, N., Trifan, O. C., Milas, L. & Masferrer, J. L. J. A. J. O. C. O. COX-2 inhibitors as radiosensitizing agents for 

cancer therapy. 26, S58–61 (2003).
 36. Cheki, M. et al. COX-2 in radiotherapy: a potential target for radioprotection and radiosensitization. 11, 173–183 (2018).
 37. Chou, T.-C. & Talalay, P. J. A. I. E. R. Quantitative analysis of dose-effect relationships: the combined effects of multiple drugs or 

enzyme inhibitors. 22, 27–55 (1984).
 38. Wang, K. et al. Synergistic chemopreventive effects of curcumin and berberine on human breast cancer cells through induction of 

apoptosis and autophagic cell death. 6, 26064 (2016).
 39. Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J. & Van Bree, C. Clonogenic assay of cells in vitro. Nature protocols 1, 

2315–2319 (2006).
 40. Munshi, A., Hobbs, M. & Meyn, R. E. Clonogenic cell survival assay. Chemosensitivity: Volume 1 In Vitro Assays, 21–28 (2005).
 41. Rahman, W. N. et al. Enhancement of radiation effects by gold nanoparticles for superficial radiation therapy. Nanomedicine: 

Nanotechnology, Biology and Medicine 5, 136–142 (2009).
 42. Ghahremani, F. et al. AS1411 aptamer conjugated gold nanoclusters as a targeted radiosensitizer for megavoltage radiation therapy 

of 4T1 breast cancer cells. RSC Advances 8, 4249–4258 (2018).
 43. Peng, W. et al. Elevated HuR in pancreas promotes a pancreatitis-like inflammatory microenvironment that facilitates tumor 

development. 38, e00427–00417 (2018).
 44. Singh, B. et al. Role of COX-2 in tumorospheres derived from a breast cancer cell line. 168, e39–e49 (2011).
 45. Kefayat, A., Ghahremani, F., Motaghi, H. & Amouheidari, A. J. N. N. Biology & Medicine. Ultra-small but ultra-effective: Folic acid-

targeted gold nanoclusters for enhancement of intracranial glioma tumors’ radiation therapy efficacy. 16, 173–184 (2019).
 46. Rose, D. P. & Connolly, J. M. Influence of dietary fat intake on local recurrence and progression of metastases arising from MDA-

MB-435 human breast cancer cells in nude mice after excision of the primary tumor (1992).
 47. Dai, Z.-J. et al. Antitumor activity of the selective cyclooxygenase-2 inhibitor, celecoxib, on breast cancer in vitro and in vivo. 12, 53 

(2012).
 48. Hazra, S., Dubinett, S. M. J. P., Leukotrienes & Acids, E. F. Ciglitazone mediates COX-2 dependent suppression of PGE2 in human 

non-small cell lung cancer cells. 77, 51-58 (2007).
 49. Ibrahim, K., Al-Mutary, M., Bakhiet, A. & Khan, H. J. M. Histopathology of the Liver. Kidney, and Spleen of Mice Exposed to Gold 

Nanoparticles. 23, 1848 (2018).
 50. Kefayat, A., Ghahremani, F., Taheri, N., Amouheidari, A. & Okhravi, S. M. J. L. I. M. S. Utilizing 808 nm laser for sensitizing of 

melanoma tumors to megavoltage radiation therapy. 1–7 (2019).
 51. Fard, A. E., Tavakoli, M., Salehi, H. & Emami, H. J. A. C. R. Synergetic effects of Docetaxel and ionizing radiation reduced cell 

viability on MCF-7 breast cancer cell. 37, 29 (2017).
 52. Weir, M. R., Sperling, R. S., Reicin, A. & Gertz, B. J. J. A. H. J. Selective COX-2 inhibition and cardiovascular effects: a review of the 

rofecoxib development program. 146, 591–604 (2003).
 53. Mukherjee, D., Nissen, S. E. & Topol, E. J. J. J. Risk of cardiovascular events associated with selective COX-2 inhibitors. 286, 954–959 

(2001).
 54. Jensen, G. S., Drapeau, C., Lenninger, M. & Benson, K. F. J. J. O. M. F. Clinical safety of a high dose of Phycocyanin-enriched aqueous 

extract from Arthrospira (Spirulina) platensis: Results from a randomized, double-blind, placebo-controlled study with a focus on 
anticoagulant activity and platelet activation. 19, 645–653 (2016).

 55. Naidu, K. A. et al. Toxicity assessment of phycocyanin-A blue colorant from blue green alga Spirulina platensis. 13, 51–66 (1999).
 56. Liu, Q. et al. Medical application of Spirulina platensis derived C-phycocyanin. 2016 (2016).
 57. Mirzaie-Joniani, H. et al. Apoptosis induced by low-dose and low-dose-rate radiation. 94, 1210–1214 (2002).
 58. Baskar, R., Dai, J., Wenlong, N., Yeo, R. & Yeoh, K.-W. J. F. I. M. B. Biological response of cancer cells to radiation treatment. 1, 24 

(2014).
 59. Nickoloff, J. A., Boss, M.-K., Allen, C. P. & LaRue, S. M. J. T. C. R. Translational research in radiation-induced DNA damage signaling 

and repair. 6, S875 (2017).
 60. Wheeler, J. A. et al. Astro research fellowship: apoptosis as a predictor of tumor response to radiation in stage IB cervical carcinoma. 

32, 1487–1493 (1995).
 61. Akimoto, T. et al. Association of increased radiocurability of murine carcinomas with low constitutive expression of p21WAF1/CIP1 

protein. 44, 413–419 (1999).
 62. Kern, M. A. et al. Cyclooxygenase-2 inhibition induces apoptosis signaling via death receptors and mitochondria in hepatocellular 

carcinoma. 66, 7059–7066 (2006).
 63. Choy, H. & Milas, L. J. J. O. T. N. C. I. Enhancing radiotherapy with cyclooxygenase-2 enzyme inhibitors: a rational advance? 95, 

1440–1452 (2003).
 64. Fournier, D. B. & Gordon, G. B. J. J. O. C. B. COX-2 and colon cancer: potential targets for chemoprevention. 77, 97–102 (2000).
 65. Chandrasekharan, N. & Simmons, D. L. J. G. B. The cyclooxygenases. 5, 241 (2004).
 66. Ramsay, R., Ciznadija, D., Vanevski, M. & Mantamadiotis, T. J. I. J. O. I. Pharmacology. Transcriptional regulation of cyclo-

oxygenase expression: three pillars of control. 16, 59–67 (2003).
 67. Georgakilas, A. G. et al. Emerging molecular networks common in ionizing radiation, immune and inflammatory responses by 

employing bioinformatics approaches. 368, 164–172 (2015).
 68. Hei, T. K. et al. Mechanism of radiation‐induced bystander effects: a unifying model. 60, 943–950 (2008).
 69. Grossmann, J. J. A. Molecular mechanisms of “detachment-induced apoptosis—Anoikis”. 7, 247–260 (2002).
 70. Verbeek, B. S., Adriaansen-Slot, S. S., Vroom, T. M., Beckers, T. & Rijksen, G. J. F. l. Overexpression of EGFR and c-erbB2 causes 

enhanced cell migration in human breast cancer cells and NIH3T3 fibroblasts. 425, 145–150 (1998).
 71. Gallego, G. A. et al. Cyclooxygenase-2 (COX-2): a molecular target in prostate cancer. 9, 694–702 (2007).
 72. Laube, M., Kniess, T. & Pietzsch, J. J. A. Development of antioxidant COX-2 inhibitors as radioprotective agents for radiation 

therapy—a hypothesis-driven review. 5, 14 (2016).
 73. Nishanth, R. P. et al. C-Phycocyanin inhibits MDR1 through reactive oxygen species and cyclooxygenase-2 mediated pathways in 

human hepatocellular carcinoma cell line. 649, 74–83 (2010).
 74. Subhashini, J. et al. Molecular mechanisms in C-Phycocyanin induced apoptosis in human chronic myeloid leukemia cell line-K562. 

68, 453–462 (2004).
 75. Saini, M. K., Sanyal, S. N. J. B. & Biology, C. Targeting angiogenic pathway for chemoprevention of experimental colon cancer using 

C-phycocyanin as cyclooxygenase-2 inhibitor. 92, 206–218 (2014).
 76. Ravi, M. et al. Molecular mechanism of anti-cancer activity of phycocyanin in triple-negative breast cancer cells. 15, 768 (2015).
 77. Copeland, R. A. et al. Mechanism of selective inhibition of the inducible isoform of prostaglandin G/H synthase. 91, 11202–11206 

(1994).
 78. Marnett, L. J. & Kalgutkar, A. S. J. T. I. P. S. Cyclooxygenase 2 inhibitors: discovery, selectivity and the future. 20, 465–469 (1999).
 79. Luong, C. et al. Flexibility of the NSAID binding site in the structure of human cyclooxygenase-2. 3, 927 (1996).

https://doi.org/10.1038/s41598-019-55605-w


13Scientific RepoRtS |         (2019) 9:19161  | https://doi.org/10.1038/s41598-019-55605-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 80. Terry, M. J., Maines, M. & Lagarias, J. J. J. O. B. C. Inactivation of phytochrome-and phycobiliprotein-chromophore precursors by 
rat liver biliverdin reductase. 268, 26099–26106 (1993).

 81. Brideau, C. et al. A human whole blood assay for clinical evaluation of biochemical efficacy of cyclooxygenase inhibitors. 45, 68–74 
(1996).

 82. Patrignani, P. et al. Biochemical and pharmacological characterization of the cyclooxygenase activity of human blood prostaglandin 
endoperoxide synthases. 271, 1705–1712 (1994).

 83. Saha, D. et al. Synergistic induction of cyclooxygenase-2 by transforming growth factor-β1 and epidermal growth factor inhibits 
apoptosis in epithelial cells. 1, 508–517 (1999).

 84. Fosslien, E. J. A. o. C. & Science, L. molecular pathology of cyclooxygenase-2 in cancer-induced angiogenesis. 31, 325–348 (2001).
 85. Saini, M. K. & Sanyal, S. N. J. B. Pharmacotherapy. Piroxicam and c-phycocyanin prevent colon carcinogenesis by inhibition of 

membrane fluidity and canonical Wnt/β-catenin signaling while up-regulating ligand dependent transcription factor PPARγ. 68, 
537–550 (2014).

 86. Jiang, L. et al. Phycocyanin: A potential drug for cancer treatment. 8, 3416 (2017).
 87. Funk, C. D. & FitzGerald, G. A. J. J. O. C. P. COX-2 inhibitors and cardiovascular risk. 50, 470–479 (2007).
 88. Finckh, A. & Aronson, M. D. J. A. O. I. M. Cardiovascular risks of cyclooxygenase-2 inhibitors: where we stand now. 142, 212–214 

(2005).
 89. Chenevard, R. et al. Selective COX-2 inhibition improves endothelial function in coronary artery disease. 107, 405–409 (2003).
 90. Whelton, A. et al. Effects of celecoxib and rofecoxib on blood pressure and edema in patients ≥65 years of age with systemic 

hypertension and osteoarthritis. 90, 959–963 (2002).

Author contributions
Dr. Kefayat & Dr. Ghahremani conceived and designed the experiment. All the in vitro and in vivo experiment, 
data analyses, and manuscript writing were performed by Dr. Kefayat, Dr. Ghahremani, Dr. Safavi, and Mr. 
Hajiaghababa and Professor J. Moshtaghian in teamwork.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-55605-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	C-phycocyanin: a natural product with radiosensitizing property for enhancement of colon cancer radiation therapy efficacy  ...
	Methods and Materials
	Cell culture and preparation. 
	Cell viability assay. 
	Clonogenic cell survival assay. 
	Animal husbandry and handling. 
	Cancer cells implantation and tumor-bearing mice radiation therapy. 
	Flow cytometry. 
	Western blot analysis. 
	Immunohistochemistry. 
	Quantitative real-time RT-polymerase chain reaction (qRT-PCR). 
	Analysis of PGE2 synthesis. 
	Histopathology and blood biochemical assays. 
	Statistics and mathematical analyzes. 
	Ethics statement. 

	Results
	Radiosensitizing effect of C-PC treatment on the normal and cancerous cell lines in vitro. 
	Radiosensitizing effect of C-PC treatment on the CT-26 colon cancer cells in vivo. 
	Predominant mechanism in mediating radiosensitizing effect of C-PC. 
	Inhibition of COX-2 expression by C-PC treatment in vivo. 
	Safety of high dose C-PC treatment. 

	Discussion
	Conclusions
	Figure 1 Schematic illustration of the therapeutic approaches for each group.
	Figure 2 Investigation of the C-PC and radiation beams synergistic effects on the cancer and normal cells viability at different concentrations of C-PC (50, 100, and 200 µg/mL) and different radiation therapy dosages (2,4, and 6 Gy) by MTT assay and Compu
	Figure 3 Investigation of the radiosensitizing effect of C-PC pre-treatment by clonogenic cell viability assay for three different colon cancer cell lines (CT-26, DLD-1, and HT-29) and a normal colonic cell line (CRL-1831).
	Figure 4 Evaluation of the radiosensitivity effect of C-PC treatment on of the CT-26 colon tumors in vivo.
	Figure 5 Light microscopy photographs of the immunostained sections of CT-26 tumors at different groups (Control, C-PC, RT, and C-PC + RT) on the 11th day of treatment (n = 3).
	Figure 6 Evaluation of C-PC treatment effect on the COX-2 expression in the CT-26 cells.
	Figure 7 Investigation of C-PC effect on the cancer cells’ COX-2 expression in vitro and in vivo.
	Figure 8 Monitoring of C-PC multiple high dose injections effect on the non-tumor bearing BALB/c mice weight during 30 days treatment period.
	Figure 9 Histopathological exams and blood biochemical analyses of the mice treated with PBS and C-PC (n = 8) for the evolution of C-PC treatment safety.
	Table 1 Evaluation of the tumor-bearing mice mean survival time in different groups.
	Table 2 Evaluation of C-PC treatment effect on the COX-2 expression in the CT-26 cells by flow cytometry.




