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Summary

Lipid peroxidation has been considered as deleterious phenomenon associated with diseases such as
atherosclerosis and neurodegeneration. C-phycocyanin, the main active compound of the blue-green algae
Spirulina platensis, has well known antioxidant properties, but its effect on lipid peroxidation has not been
extensively studied. Therefore, hepatic microsomes peroxidation and lipoprotein oxidation resistance
studies were undertaken and biomarkers of lipid peroxidation, such as malondialdehyde, 4-hydroxy-
alkenals, total hydroperoxides, conjugated dienes and peroxidation potential were spectrophotometrically
determined. Our results show that c-phycocyanin has a significant inhibitory effects on lipid peroxidation
(p<0.05), demonstrated by the inhibition of 80.3 % of 4-hydroxy-alkenals formation, 75.3 % susceptibility
to lipid peroxidation and 47.0 % total hydroperoxides generation. This natural product conferred a
significant (p<0.05) protection of plasma lipoproteins to copper/ascorbate-induced oxidation and our data
show that it acts as a powerful lipid-phase antioxidant, reinforcing the current knowledge on the use of c-
phycocyanin as an alternative therapy for oxidative stress linked pathological conditions.
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Introduction
Lipid peroxidation (LPO) was first studied in the 1930’s in relation to food deterioration, but since then
there has been increasing evidence showing the involvement of free radicals in biology, leading to
renewed attention on LPO with a wider scope in the fields of chemistry, biochemistry, nutrition and
medicine [1,2], among others. Later studies revealed that, like proteins, carbohydrates, and nucleic acids,
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lipids are targets of reactive oxygen species (ROS) and became oxidized to render cytotoxic products [3].
Due to the role of LPO in the pathogenesis of cardiovascular, neurodegenerative and other chronic
diseases, it is of major importance to evaluate natural products that can potentially inhibit or block this
reaction.

C-phycocyanin (c-Pc) is a biliprotein of the blue-green alga Spirulina platensis. This protein contains a
tetrapyrrole phycocyanobilin, which is covalently attached to the apoprotein and is considered as the
major responsible of its important antioxidant properties [4]. It has been reported that c-Pc has significant
antioxidant and radical-scavenging properties, offering protection against oxidative stress [5]; nevertheless
the effects of c-Pc on LPO of lipoproteins and hepatic microsomes have not been extensively evaluated.
Hepatic microsome LPO [6,7] is a well known system for evaluating the antioxidant potential of a
substance, a setting that could offer important information on the effects of the antioxidant activity of c-
Pc, enabling the estimation of several LPO-derived products.

On the other hand, the characteristic absorbance of conjugated dienes (CD) has been used for continuous
monitoring of LPO in lipoproteins [8]. The method provides continuous oxidation curves with a typical
three-phasic shape from which several parameters may be drawn. One of these parameters is the maximal
rate of propagation (maximal optical density in relation to the higher CD amount), which is associated to
oxidation sensitivity of lipids in the absence or presence of antioxidants [9]. The length of LPO inhibition
(lag-phase) is related to lipoprotein oxidation resistance. It is estimated as the time required to consume
chain-breaking antioxidants present in the reaction mixture and can be used as a LPO inhibition marker
[10]. Using these procedures we studied the c-Pc effect on oxidative lipid damage to show its protective
effect on the hepatic microsomes and serum lipoproteins LPO.

Materials and methods
Reagents
All reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Purification of C-phycocyanin
All procedures were carried out at 4 °C, in the dark. Fresh Spirulina platensis cells were resuspended in
20 mM Tris, pH 8.0 (0.1g of cells/mL). Cells were sonicated (70 % amplitude and cycle 1.0) two times for
I min (IKA Werke GmbH&Co. KG., Germany). Proteins were precipitated with ammonium sulphate as
previously described [11]. C-Pc was purified using aqueous-two phase extraction as reported by Patil ez al.
[12]. The upper phase was diluted 3-fold with 50 mM Tris pH 8.0 and loaded onto a Q-Sepharose Fast
Flow column (@ =1.6 cm; h = 5.0 cm, GE Healthcare, USA), previously equilibrated in the same buffer.
The column was washed with 50 mM Tris, 60 mM NaCl, pH 8.0 and then with 50 mM Tris, 120 mM
NaCl, pH 8.0. C-Pc eluted in 50 mM Tris, 240 mM NaCl, pH 8.0 and was precipitated by adding
ammonium sulfate at 50 % saturation. The pellet was resuspended in ammonium sulphate at 20 %
saturation and applied onto a butyl column (@ = 1.6 cm; h = 5.0 cm, Tosohaas, Japan), equilibrated in the
same buffer. The column was washed with ammonium sulphate at (1) 15 % and (i1) 10 % saturation and c-
Pc was eluted in 20 mM Tris pH 8.0.
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Spectroscopic measurements

An absorbance spectrum performed in the range of 250 to 700 nm is shown in Figure 1A. The purity of c-
Pc was determined by the absorbance ratio Aeo/Azso [13] and the concentration of c-Pc was calculated
according to Lambeer-Beer’s law considering its reported extinction coefficient [14].

Polyacrylamide gel electrophoresis

SDS-PAGE in 15 % polyacrylamide gel was carried out as described previously [15] at 30 mA in a
miniProtean chamber (BioRad, USA). Proteins were detected with Coomassie Brilliant Blue R-250
(Figure 1B).

Animals

Male Sprague-Dawley rats, weighing 250-300 g were obtained from CENPALAB (La Habana, Cuba) and
then adapted to laboratory conditions (60% humidity, 25 + 1 °C) for at least 1 week before the
experiments. The animals were housed in groups of five, maintained on a 12 h light/darkness cycle, with
free access to food and water before and after the surgery. All procedures were performed in compliance
with the Institutional Animal Care Committee and with the European Communities Council Directive of
24 November 1986 (86/609/EEC) for animal experimentation.

Rat liver microsomes preparation

The rats were sacrificed by decapitation after an overnight fast. The liver was removed and processed in a
tissue homogenizer (Edmund Biihler LBMA, Germany), after which liver microsomes were isolated as
described elsewhere [6] and stored at -80°C. Protein concentration in the microsomal suspension was
determined according to Bradford [16].

Lipid peroxidation assay in rat liver microsomes

The microsomes suspension was preincubated with 0.4 mM ADP and 10 uM FeSQO, at 37°C for 5 min
before each compound to be tested was added. After a further 5 min incubation, concentrations of 10, 20
and 40 uM of c-Pc or Trolox C were added to the reaction mixture and then, LPO was initiated by adding
500 puM ascorbic acid [17]. After a proper time of incubation, the LPO was assayed determining
malondialdehyde (MDA) concentration as previously described [18]. The extent of peroxidation was
expressed as the change in absorbance of reaction mixture at 586 nm.

On the other hand, the microsomes suspension was incubated with a solution of 2 mM copper sulfate and
40 uM of c-Pc or Trolox-C at 37 °C for 24 h. The peroxidation potential (PP) was calculated according
Ozdemirler et al. [19]. The levels of 4-hydroxyalkenals (4-HA) were determined at 586 nm as described
previously [20], while total hydroperoxides (TH) levels were measured by the Bioxytech H,O0,-560 kit
following manufacturer’s instructions (Oxis International Inc., USA).

Oxidation resistance of plasma lipoproteins assay

Blood samples (3 mL) were obtained from abdominal aorta and mixed with 36 mM sodium citrate, after a
gentle homogenization the samples were immediately centrifuged at 1000 g, at 4 °C for 4 min. The
supernatant was collected and 40 uM of c-Pc or Trolox-C were added; kinetics of CD formation was
spectrophotometrically monitored at 245 nm as described previously [21]. All biochemical parameters
were determined using a Pharmacia 1000 Spectrophotometer (Pharmacia LKB, Sweden).
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Results
C-phycocyanin
C-Pc had an absolute absorbance maximum around 620 nm and a relative maximum around 350 nm
(Figure 1A) as reported previously [12,22]. The purity of c-Pc, measured as the absorbance ratio at
620 nm and 280 nm, was 4.58. The SDS-PAGE showed only two bands corresponding to characteristic
alpha and beta chains of c-Pc.
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Figure 1. Evaluation of C-Pc purity obtained through (A) Absorption spectra and (B) SDS-PAGE using
Comassie blue staining. (A): Absorption spectrum and (B) SDS-PAGE analysis. The protein preparation
had a characteristic maximum of absorption at 620 nm and its ratio Aepo/Azso Was greater than 4.
Inhibition of LPO in hepatic microsomes

The LPO, induced in hepatic microsomes, was notably reduced by c-Pc as shown in Figure 2. A
significant (p<0.05) inhibition of oxidative damage on lipids was noted: more than 50 % for 10 and 20
uM, and 80 % for 40 uM of c-Pc respect to non-inhibited reaction (control) and 42 % respect to Trolox-C-
treated samples at the same concentration.
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Figure 2. Inhibitory effects of c-Pc on LPO in hepatic microsomes. The inhibitory effect of c-Pc on
microsome LPO was monitored every 15 minutes during 60 minutes. CP: samples treated with c-
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phycocyanin, OD: optical density (corresponding to MDA formation). Each point represents the mean of
three separate experiments which varied by no more than 10%.

Effects of c-Pc on LPO biomarkers

The treatment with c-Pc was able to reduce the LPO-derived substances (Table 1). Our data showed that
40 uM of c-Pc significantly inhibited (p<0.05) the formation of 4-HA and TH. The results demonstrated
that c-Pc inhibited the formation of 4-HA in 80.33%, while Trolox-C did so in 79.72%. In control samples
there was detected a high concentration of TH, while c-Pc reduced the levels of these oxidation products
in a 47%, similar behaviour was observed in those samples in which 40 uM of Trolox-C were added.

) Trolox-C C-Pc
LPO biomarkers Control (40 M) (40 uM)
PP, uM of MDA/mgPr 941 +1.15 3.34 £0.95% 2.32+0.86%*
4-HA, uM/mgPr 498 +0.86 1.01 £0.38% 0.98 £0.19*
TH, uM/mgPr 34.25+4.87 16.64 + 1.83* 1820+ 2.12%

Table 1. Values represent the mean + SD of five determinations in hepatic microsomes. Asterisks mean
statistical differences (p<0.05) respect to control. Trolox-C was used as antioxidant standard. The
concentration of different lipid peroxidation biomarkers is expressed per milligrams of total proteins (Pr).

Effects of c-Pc on plasma lipoprotein oxidation

Finally, a protective effect on lipids contained in lipoproteins of 40 uM of c-Pc was observed. The Figure
3 shows the significant (p<0.05) optical density reduction (referred to CD formation at 245 nm) in the c-
Pc-treated samples compared to the controls. The effects of c-Pc (40 uM) in the lipid oxidation resistance
assay showed no statistical differences (p>0.05) as compared with Trolox-C, which is a recognized lipid
phase soluble-antioxidant standard. C-Pc and Trolox were able to significantly delay (p>0.05) the time
taken for CD to reach a maximum generation value as compared to the non-treated samples.
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Figure 3. Kinetics of CD formation. Footnote: Inhibitory effect of c-Pc on CD formation. Kinetics was
monitored every 4 minutes, during 2 hours. CP: samples treated with c-phycocyanin. OD: optical density
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(corresponding to CD formation). Asterisks represent statistical differences (p<0.05) respect to the control
samples.

Discussion

Different LPO products are formed from polyunsaturated fatty acids as a consequence of ROS action on
lipoproteins or biomembranes. Utilized as biomarkers of lipid damage, MDA, 4-HA, lipoperoxides and
CD have been extensively studied and represent a useful tool for redox studies [10]. The susceptibility to
LPO of hepatic microsomes, measured by the MDA levels, showed that c-Pc protected the lipids against
the ferric/ascorbic acid-induced oxidative insult. Various authors have been reported that c-Pc has potent
free radical-scavenging properties [23-27], an important characteristic of c-Pc which may allow it to block
LPO. Also, our data are in accordance with the results of [28], which found that c-Pc inhibited the LPO of
hepatic microsomes induced by ferric/ascorbic acid. But in our study we also showed that c-Pc inhibited
the formation of others LPO-derived products, such as lipoperoxides and 4-HA. Among them, the a,p3-
unsaturated aldehydes, such as 4-hydroxy-2-nonenal are highly reactive and readily react with
phospholipids, proteins, and DNA to cause deleterious effects on cells [29].

On the other hand, lipid hydroperoxides are the first derived products from LPO [2]. Lipid hydroperoxides
in the presence or absence of catalytic metal ions also give rise to a large variety of products, including
short chain aldehydes, which can be used to assess the degree of LPO in a system [10]. Many natural
products are able to inhibit the lipoperoxides formation [7]; indeed c-Pc inhibited the in vitro formation of
TH as well as Trolox-C. The LPO system used by our group is based on Fenton reaction, this type of lipid
oxidative damage is caused by metal ion (Fe’") with traces of hydroperoxides, forming an alkoxyl radical.
The alkoxyl radical in turn propagates the free radical chain reaction. Considering these facts, our data
suggest that c-Pc may inhibit this process at its earliest stage by removing the alkoxyl radicals or by
binding the metal ions.

Plasma lipoproteins play an important role in the metabolism of cholesterol, and also have anti-and pro-
atherogenic properties. Under oxidative stress conditions, the antioxidant, antiinflammatory and
antiatherogenic properties of high density lipoproteins (HDL) are delayed [30], while oxidized low density
lipoprotein (ox-LDL) have a potent atherosclerotic effects [31]. Thus, the capacity of natural compounds
to block the lipoproteins oxidation, such as c-Pc, represents an attractive tool to treat many cardiovascular
disorders. Indeed, c-Pc has been used in the treatment of atherosclerosis [32,33] and ischemia-reperfusion
of the heart [34] with promissory results. On the other hand, the protection of lipids of cellular membranes
by c-Pc (reinforced in the present work) may be responsible of its satisfactory use in the treatment of
multiple sclerosis [35] and ischemia/reperfusion-induced brain injury [36].

Conclusions
Our data demonstrated the protective effect of c-Pc on lipoprotein against LPO and further reinforce the
antioxidant properties of this biliprotein. The present work highlights the capacity of c-Pc to act as a
powerful lipid-phase antioxidant. The positive results and the beneficial effects observed for c-Pc in many
pathological disorders may be associated with the capacity to inhibit the LPO phenomenon, reinforced by
our experimental findings.

673



Pharmacologyonline 3: 668-676 (2011) Delgado Roche et al.

Acknowledgement
We gratefully acknowledge the critical revision of Dr. Rolando Tapanes from the Center of Research and
Drug Development, Havana, Cuba, and also the support of Center for Genetic Engineering and
Biotechnology.

Conflict of interest
The authors declare that they have no conflict of interest.

References

[1] Niki E. 2000. Free radicals in the 1900's: from in vitro to in vivo. Free Radic Res 33: 693-704.

[2] Niki E. 2009. Lipid peroxidation: physiological levels and dual biological effects. Free Radic Biol
Med 47: 469-84.

[3] Dalle-Donne I, Rossi R, Colombo R, Gustarini D, Milzani A. 2006. Biomarkers of oxidative damage
in human disease. Clin Chem 52: 601-23.

[4] Bhat VB, Madyastha KM. 2001. Scavenging of peroxynitrite by phycocyanin and phycocyanobilin
from Spirulina platensis: protection against oxidative damage to DNA. Biochem Biophys Res Commun
285: 262-6.

[5] Lissi EA, Pizarro M, Aspee A, Romay C. 2000. Kinetics of phycocyaninebilin groups destruction by
peroxyl radicals. Free Radic Biol Med 28: 1051-5.

[6] Albro PW, Corbett JT, Schroeder JL. 1987. Rapid isolation of microsomes for studies of lipid
peroxidation. Lipid 22: 751-6.

[7] Martinez-Sanchez G, Giuliani A, Ledn OS, Pérez G, Nufiez AJ. 2001. Effect of Mangifera indica L.
extract (QF808) on protein and hepatic microsome peroxidation. Phytother Res 15: 581-5.

[8] Esterbauer H, Cheeseman KH. 1990. Determination of aldehydic lipid peroxidation products:
malonaldehyde and 4-hydroxynonenal. Methods Enzymol 186: 407-21.

[9] Esterbauer H, Gebicki J, Puhl H, Jigens G. 1992. The role of lipid peroxidation and antioxidants in
oxidative modification of LDL. Free Radical Biol Med 13: 341-90.

[10] Abuja PM, Albertini R. 2001. Methods for monitoring oxidative stress, lipid peroxidation and
oxidation resistance of lipoproteins. Clin Chim Acta 306: 1-17.

[11] Moraes CC, Kalil SJ. 2009. Strategy for a protein purification design using C-phycocyanin extract.
Bioresour Technol 100: 5312-7.

[12] Patil G, Chethana S, Sridevi AS, Raghavarao KS. 2006. Method to obtain C-phycocyanin of high
purity. J Chromatogr A 1127: 76-81.

[13] Bermejo R, Talavera EM, Alvarez-Pez JM, Orte JC. 1997. Chromatographic purification of
biliproteins from Spirulina platensis high-performance liquid chromatographic separation of their a and
[ subunits. J Chromatogr A 778: 441-450.

[14] Ivanova KG, Stankova KG, Nikolov VN, Georgieva RT, Minkova KM, Gigova LG, Rupova IT,
Botev RN. 2010. The biliprotein C-phycocyanin modulates the early radiation response: a pilot study.
Mutat Res 695: 40-45.

674



Pharmacologyonline 3: 668-676 (2011) Delgado Roche et al.

[15] Laemmli UK. 1970. Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 227: 680-685.

[16] Bradford MM. 1976. A rapid and sensitive method for quantitation of microgram quantities of protein
utilizing the principles of protein dye binding. Anal Biochem 72: 248-54.

[17] Ubeda A, Montesinos C, Paya M, Terencio C, Alcaraz MJ. 1993. Antioxidant action of
benzylisoquinoline alkaloids. Free Rad Res Commun 18: 167-75.

[18] Erdelmeier I, Gerard-Monnier D, Yadan JC, Chaudiere J. 1998. Reactions of N-methyl-2-
phenylindole with malondialdehyde and 4-hydroxyalkenals. Mechanistic aspects of the colorimetric
assay of lipid peroxidation. Chem Res Toxicol 11: 1184-94.

[19] Ozdemirler G, Mehmetcik G, Oztezcan S, Toker G, Sivas A, Uysal M. 1995. Peroxidation potential
and antioxidant activity of serum in patients with diabetes mellitus and myocardial infarction. Horm
Metab Res 27: 194-6.

[20] Esterbauer H, Striegl G, Puhl H, Rotheneder M. 1989. Continuous monitoring of in vitro oxidation of
human low density lipoprotein. Free Radical Res Commun 6: 67.

[21] Schnitzer E, Pinchuk I, Bor A, Fainaru M, Schafer Z, Lichtenberg D. 1995. Copper-induced lipid
oxidation in unfractionated plasma: the lag preceding oxidation as a measure of oxidation-resistance.
Biochem Biophys Res Commun 216: 854-61.

[22] Patel A, Mishra S, Pawar R, Ghosh PK. 2005. Purification and characterization of C-Phycocyanin
from cyanobacterial species of marine and freshwater habitat. Protein Expr Purif 40: 248-255.

[23] Romay C, Gonzalez R, Ledén N, Remirez D, Rimbau V. 2003. C-phycocyanin: a biliprotein with
antioxidant, anti-inflammatory and neuroprotective eftects. Curr Protein Pept Sci 4: 207-16.

[24] Cheng T, Wong YS. 2008. In Vitro Antioxidant and Antiproliferative Activities of Selenium-
Containing Phycocyanin from Selenium-Enriched Spirulina platensis. J Agric Food Chem 56: 4352-8.

[25] Madhyastha HK, Sivashankari S, Vatsala TM. 2009. C-phycocyanin from Spirulina fussiformis
exposed to blue light demonstrates higher efficacy of in vitro antioxidant activity. Biochem Engineer J
43:221-4.

[26] Benedetti S, Benvenuti F, Scoglio S, Canestrari S. 2010. Oxygen Radical Absorbance Capacity of
Phycocyanin and Phycocyanobilin from the Food Supplement Aphanizomenon flos-aquae. J Med Food
13:223-7.

[27] Chu WL, Lim YW, Radhakrishnan AK, Lim PE. 2010. Protective effect of aqueous extract from
Spirulina platensis against cell death induced by free radicals. BMC Complement Altern Med 10: 53.
[28] Romay C, Armesto J, Remirez D, Gonzalez R, Ledon N, Garcia 1. 1998. Antioxidant and anti-

inflammatory properties of C-phycocyanin from blue-green algae. Inflamm Res 47: 36-41.

[29] Poli G, Schaur RJ, Siems WG, Leonarduzzi G. 2008. 4-Hydroxynonenal: a membrane lipid oxidation
product of medicinal interest. Medic Res Rev 28: 569-631.

[30] Tsompanidi EM, Brinkmeier MS, Fotiadou EH, Giakoumi SM, Kypreos KE. 2010. HDL biogenesis
and functions: Role of HDL quality and quantity in atherosclerosis. Atherosclerosis 208: 3-9.

[31] Steinberg D, Parthasarathy S, Crew TE, Khoo JC, Witztum JL. 1989. Beyond cholesterol:
modification of low density lipoprotein that increase its atherogenecity. N Engl J Med 320: 915-24.

675



Pharmacologyonline 3: 668-676 (2011) Delgado Roche et al.

[32] Cheong SH, Kim MY, Sok DE, Hwang SY, Kim JH, Kim HR, Lee JH, Kim YB, Kim RE. 2010.
Spirulina prevents atherosclerosis by reducing hypercholesterolemia in rabbits fed a high-cholesterol
diet. J Nutr Sci Vitaminol 56: 34-40.

[33] Riss J, Décordé K, Sutra T, Delage M, Baccou JC, Jouy N. 2007. Phycobiliprotein C-Phycocyanin
from Spirulina platensis is powerfully responsible for reducing oxidative stress and NADPH oxidase
expression induced by an atherogenic diet in hamsters. J Agric Food Chem 55: 7962-9.

[34] Khan M, Varadharaj S, Ganesan LP, Shobha JC, Naidu MU, Parinandi NL. 2006. C-phycocyanin
protects against ischemia-reperfusion injury of heart through involvement of p38 MAPK and ERK
signaling. Am J Physiol Heart Circ Physiol 290: H2136-45.

[35] Penton-Rol G, Marin-Prida J, Pardo-Andreu G, Martinez-Sanchez G, Acosta-Medina EF, Valdivia-
Acosta A, Pentén-Arias E. 2011. C-Phycocyanin is neuroprotective against global cerebral
ischemia/reperfusion injury in gerbils. Brain Res Bull 86: 42-52.

[36] Penton-Rol G, Martinez-Sanchez G, Cervantes-Llanos M, Lagumersindez-Denis M, Acosta-Medina
EF, Falcon-Cama V, Alonso-Ramirez R, Valenzuela-Silva C, Rodriguez E, Llopiz A, Marin-Prida J,
Lopez-Saura PA, Guillén GE, Pentén-Arias E. 2011. C-Phycocyanin ameliorates experimental
autoimmune encephalomyelitis and induces regulatory T cells. Int Immunopharmacol 11: 29-38.

676



