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ABSTRACT C-phycocyanin (C-PC) from Spirulina has been previously shown to have anticancer properties. Here, we
report on anticancer activity of C-PC that was isolated from the novel cyanobacterium Limnothrix sp. 37-2-1. C-PC from this
organism exhibited anticancer properties in our in vitro systems; however, the required doses were well above the range of
anticancer drugs normally used. Therefore, we conducted several experiments to test whether lower-than-usual doses of the
anticancer drug topotecan (TPT) can offer the same level of cytotoxic effects as normal doses when combined with C-PC. For
this purpose, cytotoxicities of C-PC and TPT were tested using the LNCaP (prostate cancer) cells. We found that when only
10% of a typical dose of TPT was combined with C-PC, the cancer cells were killed at a higher rate than when TPT was used
alone at full dose. Similarly, we were also able to detect an increased level of radical oxygen species (ROS) generation as well
as an increase in activities of caspase-9 and caspase-3 when these two compounds were used in combination. Taken together,
our findings suggest that combining C-PC from Limnothrix sp. with the lower dose of TPT can induce apoptosis through
generation of ROS and activation of caspases. In that respect, we suggest that C-PC can potentially improve the efficacy of the
currently available anticancer drug, and therefore diminish its harsh side effects in the patient.
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weight of which depends on the organism from which it was
isolated, and ranges between 50 and 230 kDa.4 Subunit a
carries one and subunit b has two tetrapyrol chromophores.5
One of the first reports on beneficial effect of phycocyanin
cites the Japanese patent #58-65216, according to which this
blue pigment from Spirulina significantly increased the
survival rates of mice that had been injected with liver tumor
cells.6,7 It has been suggested that stimulation of the immune
system by phycocyanin was a mechanism that inhibited the
growth of tumor cells. Liu et al.8 also reported on antineoplastic activity of phycocyanin isolated from Spirulina.
They found that this pigment significantly inhibited the
growth of human leukemia K562 cells through mechanisms
other than apoptosis. However, induced apoptosis was described as a mechanism of phycocyanin action by a number
of authors. Reddy et al.9 used mouse macrophage cells,
which were treated with lipopolysaccharide (LPS) to express high levels of COX-2, overexpression of which is
known to be responsible for downregulation of apoptosis.
When these cells were exposed to C-PC, it induced apoptosis in a dose-dependent manner. A different mechanism
of apoptosis induction was described in AK5 tumor cells.
Pardhasaradhi et al.10 explained the C-PC induction of apoptosis by downregulating of Bcl-2 (a known inhibitor of
apoptosis) and by generation of radical oxygen species
(ROS). This finding was also confirmed with the human
chronic myeloid leukemia cell line K562.11 At present, it is

INTRODUCTION

C

hemotherapy currently represents the most often
used modality in cancer treatment. Most of the currently
used chemotherapeutic drugs have their origin from plants,
microbes, or marine organisms. However, the number of
antineoplastic agents currently available to oncologists is
quite limited, and there is a great need to identify either new
antineoplastic drugs or some agents, preferentially from food
or food supplements that will enhance and improve the efficacy of currently available drugs. In that respect, cyanobacteria have been screened for, and many have been
identified as a potential novel source of anticancer drugs.1,2
In 1980s, the cyanobacterium (or blue-green alga) Spirulina
started to be marketed as a health food with numerous claims
about the beneficial effects on human health, among others
as a potential source of novel anticancer drugs.3 Many of
these medicinal properties of Spirulina are now associated
with one particular compound, C-phycocyanin (C-PC).
C-PC is a blue-colored photosynthetic accessory pigment
that absorbs light at 620 nm and emits fluorescence at about
560 nm. It is a protein containing two subunits, molecular
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not known whether the whole C-PC molecule is required for
the anticancer activity. Nevertheless, it was shown that the
b-subunit of C-PC that was cloned in Escherichia coli had
the same or even more potent power of apoptotic induction
when tested on four different cancer cell lines.12 Cells of the
treated cancer cell lines underwent apoptosis with an increase in caspase-3 and caspase-8 activities with an arrest at
the G0/G1 phase. Caspase-dependant apoptosis was also
confirmed in C-PC–treated HeLa cells.13
In this work, we used C-PC from our novel cyanobacterial
isolate Limnothrix sp. 37-2-1 to test its anticancer properties.
We have shown that Limnothrix can be a better source for CPC than the traditionally-used Spirulina.4 In this preliminary
work, we have confirmed that C-PC from Limnothrix indeed
had antiproliferative activity against a prostate cancer cell
line (LNCaP). However, the required concentration of phycocyanin for anticancer activity was well above the range of
anticancer drugs normally used. Therefore, we hypothesized
that C-PC could be potentially used as an enhancer of existing
anticancer drugs. Here, we are presenting data of in vitro
experiments, which confirm our hypothesis.
MATERIALS AND METHODS

Cell culture and treatment
The LNCaP cells were grown as a complete monolayer in
RPMI-1640 growth medium supplemented with 10% fetal
bovine serum, 10,000 U/mL of penicillin, 10,000 lg/mL of
streptomycin, 1% (+)-l-glutamine, and 1% amphotericin-B.
The cells were grown at 37C under a humidified air/CO2
(19:1) atmosphere. All experiments were conducted using
cells in the logarithmic phase. In each well of a six-well
plate, *1 · 106 cells per well were grown for 24 h.
Determination of cell death and ROS
To determine the cytotoxic effect of C-PC and TPT, the
monolayer culture of LNCaP cells was used. The cells were
incubated in the presence of C-PC (250 and 500 lg/mL) and
TPT (1 and 10 lM), individually and in combination. All
incubations were carried out for 16 h. After the incubation
period, cell death was determined by using trypan blue dye
exclusion test. To determine the levels of ROS generation,
the cells cultured in six-well plate were incubated with
different concentrations of C-PC and TPT as described
above. At the end of incubation period, levels of ROS
generated were measured using the nitro blue tetrazolium
(NBT) chloride reduction assay.

Phycocyanin isolation and purification
Phycocyanin was isolated from the novel strain of cyanobacterium Limnothirix sp. 37-2-1 by a procedure described elsewhere.4 Briefly, the cyanobacterium was grown
in a 30-L photobioreactor; the biomass was harvested and
extracted. The pigment was purified by fractional precipitation of the cell crude extract by ammonium sulfate and
treated with activated carbon and chitosan. The pigment was
desalted and concentrated by tangential flow filtration. The
purity of C-PC was checked by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and by calculating the
ratio of the absorbencies at 620 and 280 nm. Only those
preparations of phycocyanin that had the 620/280 ratio
greater than 4.0 were used for further experiments. The
purified phycocyanin was freeze-dried and kept in a refrigerator until use.
Cell line and reagents
The prostate cancer (LNCaP) cell line was a generous gift
from Dr. Thomas Powell (Cleveland Clinic Foundation,
Cleveland, OH, USA). The RPMI-1640 growth medium,
amphotericin-B, l-glutamine, and antibiotic–antimycotic
solution containing penicillin and streptomycin were obtained from Atlanta Biologicals (Lawrenceville, GA, USA).
The fetal bovine serum was purchased from Hyclone
(Logan, Ut, USA), and topotecan (TPT) was purchased from
Sigma Chemical Co. (St. Louis, MO, USA). The substrates
and inhibitors of caspase-9 and caspase-3 were purchased
from Enzo Life Sciences AG (Lausen, Switzerland). The
Qiagen DNeasy kit (Qiagen, Valencia, CA, USA) was used
for the extraction of the DNA to determine the DNA fragmentation. All other chemicals used in our research were of
research grade purchased through standard suppliers.

Assay of caspase-9 and caspase-3 activities
To determine the activity of caspase-9 and caspase-3,
LNCaP cells were treated with different concentrations of
the C-PC (250 lg/mL) and TPT (1 and 10 lM). After the
incubation time, cells were harvested, washed, and resuspended in a cell lysis buffer and kept on ice for 10 min.
The cell lysate was centrifuged at 1400 g for 5 min; the
supernatant was assayed for protein concentration and further diluted with the lysis buffer to adjust the protein concentration. Equal amounts of protein from each sample were
added to 96-well plates and mixed with the 2 · reaction
buffer (100 mM HEPES [pH 7.4], 200 mM NaCl, 20 mM
dithiotheritol, 2 mM ethylenediaminetetraacetic acid, and
0.2% chaps) and 2 mM of the respective substrates acetylLeu-Glu-His-Asp-p-nitroaniline (Ac-LEHD-pNA) and acetylAsp-Glu-Val-Asp-p-nitroaniline (Ac-DEVD-pNA). For
measuring the specific activity of caspase-9 and caspase-3,
the respective inhibitors Ac-LEHD-CHO and Ac-DEVDCHO were used. Release of the cleaved p-nitroanilide from
the tetrapeptide substrates was measured using the 96-well
microplate reader at 405 nm.
DNA fragmentation assay
DNA fragmentation assay was performed by using a
monolayer of LNCaP cells that were grown in T-25 culture
flasks and incubated with different concentrations of C-PC
and TPT, individually and in combination. After incubation, the cells were harvested and washed with phosphatebuffered saline (PBS). Cells were resuspended in 200 lL of
PBS, and 20 lL of proteinase K was added. The DNA was
extracted using the Qiagen DNeasy Kit, following the
manufacturer’s protocol. The samples were subjected to
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comparison tests. Values of P < .05 were considered as
significant and presented in results.
RESULTS

FIG. 1. Viability of LNCaP cells after treatment with phycocyanin
(C-PC) and topotecan (TPT), individually and in combination. Dimethyl sulfoxide was used as a control. Values are mean – SD of four
individual experiments. SD, standard deviation.

electrophoresis at 80 V for 2 h in a 1.5% agarose gel containing 5 lL of ethidium bromide. Separated DNA fragments were viewed with an UVP image analyzer.
Statistical analysis
The data presented here represent mean – standard deviation values from at least four separate experiments. Statistical analyses were performed using one-way analysis of
variance, followed by Student–Newman–Keuls multiple

FIG. 2. Levels of ROS in C-PC– and TPT-treated LNCaP cells.
ROS were measured based on the nitro blue tetrazolium (NBT)
chloride reduction assay. Values are mean – SD of four individual
experiments. ROS, radical oxygen species.

Treatment of LNCaP cells with C-PC and TPT resulted in
a significant inhibition of cell growth (Fig. 1). By incubating
the cells in the presence of C-PC at two applied concentrations (250 and 500 lg/mL), the survival rate of the cells
was between 65% and 70%. However, this effect was more
pronounced when C-PC was combined with TPT. When
LNCaP cells were treated with 10 lM of TPT alone, 62%
cells were killed in 18 h, whereas at the concentration of
1 lM, TPT caused death in only 3–4% cells within the same
time frame. Therefore, to test our hypothesis that C-PC
enhances the activity of the anticancer drug, we have chosen
1 lM concentration of TPT for combination treatments.
When 1 lM of TPT was combined with 500 lg/mL of C-PC,
80% of cells were killed due to the additive effect. Similarly,
the treatment of LNCaP cells with C-PC and TPT showed a
significant increase in the rate of ROS generation (Fig. 2).
The highest ROS production was obtained when the cells
were incubated with a combination of C-PC (500 lg/L) and
TPT (1 lM).
The inhibition of cell viability could have resulted from
the induction of apoptosis. To confirm this, the cells treated
with C-PC and TPT were subjected to DNA fragmentation
analysis. Figure 3 clearly shows internucleosomal DNA
fragmentation of cells treated with different concentrations
of C-PC and TPT. The DNA fragmentation was the most
pronounced when the C-PC–TPT combined treatment was
applied.

FIG. 3. A representative photograph of agarose gel showing DNA
fragmentation in LNCaP cells treated with C-PC and TPT. The DNA
was separated by electrophoresis using a 1.5% agarose gel. DNA
fragments stained with ethidium bromide were visualized using an
UVP image analyzer. Lane 1, DNA ladder; lane 2, control; lane 3,
TPT 1 lM; lane 4, TPT 10 lM; lane 5, C-PC 250 lg/mL; lane 6, CPC 500 lg/mL; lane 7, C-PC 250 lg/mL + TPT 1 lM; lane 8, C-PC
500 lg/mL + TPT 1 lM.
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FIG. 4. Activities of caspase-3 and caspase-9 in LNCaP cells
treated with C-PC and TPT. Caspase-9 and caspase-3 activities were
measured using the synthetic tetrapeptide substrates acetyl-Asp-GluVal-Asp-pNA and acetyl-Leu-Glu-His-Asp-pNA, respectively. Values are mean – SD of four individual experiments.

To identify whether caspases were involved in C-PC–
induced apoptosis, the C-PC– and TPT-treated cell lysates
were analyzed for the caspase-3 and caspase-9 activities by
using colorimetric assay. As expected, caspase-3 and caspase-9 (Fig. 4) activities in C-PC– and TPT-treated cells
were found increased when compared to untreated control
cells. Our data suggest that C-PC–induced apoptosis is
characterized by the caspase-dependent pathway.
DISCUSSION
The use of natural products to inhibit carcinogenesis and
to treat cancer is an important and rapidly growing field of
cancer research. There has recently been a surge of interest
in diverse bioresources as potential novel sources of anticancer compounds. One of these includes cyanobacteria
(blue-green algae), which were shown to produce a number
of anticancer compounds such as scytophycins,14 tolyporphin,15 apratoxin A and antillatoxin B,16,17 malevamide D,
curacin D and symplostatin 3,18 lyngbouilloside,19 and
cryptophycin.20 However, in addition to these toxic compounds, cyanobacteria produce a blue pigment C-PC, which
is a nontoxic compound,21 yet it has anticancer properties.11,22 This compound is readily available as a component
of Spirulina biomass, which is sold in health food stores
worldwide.
In this article, for the first time, we present our preliminary data on antineoplastic activity of C-PC that was
isolated from the novel cyanobacterial strain Limnothrix
sp. 37-2-1, and also we showed that when combined with
the standard chemotherapeutic agent TPT, C-PC enhanced
the cancer cell death. Specifically, when only 10% of

typical dose of TPT was combined with 500 lg/L of phycocyanin (Fig. 1), the cancer cells were killed at a much
higher rate than when TPT and phycocyanin were used
separately.
Accumulative evidence suggests that defects in the process of apoptosis may be closely associated with carcinogenesis, and that many cancer cells have defective
machinery for self-destruction.23 Apoptosis is a specific
mode of cell death recognized by a characteristic pattern of
morphological, biochemical, and molecular changes. Most
of the existing cancer drugs target apoptosis. Our finding
that C-PC affects the LNCaP cells by inducing apoptosis is
confirmation of previous reports in which C-PC used was
obtained from Spirulina.9,11 In our experiments, apoptosis
was confirmed by DNA fragmentation (Fig. 3), shown both
when C-PC and TPT were used individually and in combination. One of the probable causes of cell death during CPC–anticancer drug combined treatment is induction of
ROS production, leading to caspase-3 activation and DNA
fragmentation. Our study confirms earlier report10 that C-PC
indeed induces ROS-dependent apoptosis. The highest level
of ROS production was observed when the LNCaP cells
were treated with the combination of TPT and C-PC. Furthermore, C-PC treatment increased the activities of both
caspase-3 and caspase-9, which are the most important
proteases found in apoptotic cells.23 Further in vivo and
in vitro molecular studies will be needed to identify the
appropriate application conditions and doses of C-PC in the
treatment process.
Combining the known anticancer drugs with natural
products for the treatment of cancer patients is apparently a
new avenue in cancer research. This kind of approach and its
benefits have been reported recently by He et al.,24 who
showed that resveratrol, a unique polyphenol produced by
plants, potentiates the growth inhibitory effect of rapamycin. Whether used in a combined treatment or in the form of
a hybrid molecule,25 this approach deserves further research.
In conclusion, the results suggest that the use of the CPC–TPT combination can reduce the effective dose of TPT,
and still maintain its efficacy in inducing significant apoptotic cell death in LNCaP cells. Based on these preliminary
data, it is suggested that the C-PC–TPT combination may
have a therapeutic value.
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4. Gantar M, Simović D, Djilas S, Gonzalez WW, Miksovska
J: Isolation, characterization and antioxidative activity of
C-phycocyanin from Limnothrix sp. strain 37-2-1. J Biotechnol
2012;159:21–26.
5. Glazer AN, Fang S: Formation of hybrid proteins from the a and
b subunits phycocyanin of unicellular and filamentous blue-green
algae. J Biol Chem 1973;248:663–671.
6. Belay A, Ota Y, Miyakawa K, Shimamatsu H: Current knowledge on potential health benefits of Spirulina. J Appl Phycol
1993;5:235–241.
7. Dianippon Ink and Chemicals (DIC): Antitumoral agents containing phycobillin. Japanese Patent #58-65216, inventors: N.
Lijima, N. Fujii and H. Shimamatsu; assignees: Dainippon Ink
and Chemical Tokyo Stress Foundation. April 18, 1983, pp. 6.
8. Liu Y, Xu L, Cheng N, Lin L, Zhang C: Inhibitory effect of
phycocyanin from Spirulina platensis on the growth of human
leukemia K562 cells. J Appl Phycol 2000;12:125–130.
9. Reddy MC, Subhashini J, Mahipal SVK, Bhat VB, Reddy PS,
Kiranmai G, Madyastha KM, Reddanna P: C-phycocyanin, a
selective cyclooxygenase-2 inhibitor, induces apoptosis in lipopolysaccharide-stimulated RAW 264.7 macrophages, Biochem
Biophys Res Commun 2003;304:385–392.
10. Pardhasaradhi BV, Ali AM, Kumari AL, Reddanna P, Khar A:
Phycocyanin-mediated apoptosis in AK-5 tumor cells involves
down-regulation of Bcl-2 and generation of ROS. Mol Cancer
Therapeut 2003;2:1165–1170.
11. Subhashini J, Mahipal SVK, Reddy MC, Reddy MM, Rachamallu A, Reddanna P: Molecular mechanisms in C-phycocyanin
induced apoptosis in human chronic myeloid leukemia cell lineK562. Biochem Pharmacol 2004;68:453–462.
12. Wang H, Liu Y, Gao X, Carter CL, Liu Z-RL: The recombinant b
subunit of C-phycocyanin inhibits cell proliferation and induces
apoptosis. Cancer Lett 2007;18:150–158.
13. Li B, Gao MH, Zhang XC, Chu XM: Molecular immune mechanism of C-phycocyanin from Spirulina platensis induced apoptosis
in HeLa cells in vitro. Biotechnol Appl Biochem 2006;43:155–164.
14. Smith CD, Carmeli S, Moore RE, Paterson GM: Scytophycins,
novel microfilament-depolymerizing agents which circumvent P-

View publication stats

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1095

glycoprotein-mediated multidrug resistance. Cancer Res 1993;
53:1342–1347.
Smith CD, Prinsep MR, Caplan FR, Moore RE, Patterson GM:
Reversal of multiple drug resistance by tolyporphin, a novel
cyanobacterial natural product. Oncol Res 1994;6:211–218.
Nogle LM, Okino T, Gerwick WH: Antillatoxin B, a neurotoxic
lipopeptide form the marine cyanobacterium Lyngbya majuscula.
J Nat Prod 2001;64:983–985.
Leusch H, Yoshida WY, Moore RE, Paul VJ, Corbett TH: Total
structure determination of apratoxin A, a potent novel cytotoxin
from the marine cyanobacterium Lyngbya majuscula. J Am Chem
Soc 2001;123:5418–5423.
Leusch H, Yoshida WY, Moore RE, Paul VJ, Mooberry SL,
Corbett TH: Symplostatin-3, a new dolastatin 10 analogue from
the marine cyanobacterium Symploca sp. VP452. J Nat Prod
2002;65:16–20.
Tan LT, Marguez BL, Gerwick WH: Lyngbouilloside, a novel
glycosidic macrolide from the marine cyanobacterium Lyngbya
bouillonii. J Nat Prod 2002;65:925–928.
Trimurtulu G, Ohtani I, Patterson GML, et al.: Total structures of
cryptophycins, potent antitumor depsipeptides from the bluegreen alga Nostoc sp. strain GSV 224. J Am Chem Soc
1994;116:4729–4737.
Akhilender Naidu K, Sarada R, Manoj G, et al.: Toxicity assessment of phycocyanin—a blue colorant from blue green alga
Spirulina platensis. Food Biotechnol 1999;13:51–66.
Nishanth RP, Ramakrishna BS, Jyotsna RG, et al.: C-phycocyanin inhibits MDR1 through reactive oxygen species and cyclooxygenase-2 mediated pathways in human hepatocellular
carcinoma cell line. Eur J Pharmacol 2010;649:74–83.
Yano H, Mizoguchi A, Fukuda K, Haramaki M, Ogasawara S,
Momosaki S, et al.: The herbal medicine sho-saiko-to inhibits
proliferation of cancer cell lines by inducing apoptosis and arrest
at the G0/G1 phase. Cancer Res 1994;54:448–454.
He X, Wang Y, Zhu J, Orloff M, Eng C: Resveratrol enhances
the anti-tumor activity of the mTOR inhibitor rapamycin
in multiple breast cancer cell lines mainly by suppressing
rapamycin-induced AKT signaling. Cancer Lett 2011;301:
168–176.
Decker M: Hybrid molecules incorporating natural products:
applications in cancer therapy, neurodegenerative disorders and
beyond. Curr Med Chem 2011;18:1464–1475.

