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a b s t r a c t

Antimicrobial peptides have been considered as potential candidates for cancer therapy. We report here
the cytotoxicity of a library of 66 antibacterial cyclodecapeptides on human carcinoma cell lines, and
their effects on apoptosis [as assessed by cleavage of poly(ADP-ribose) polymerase (PARP)] and cell sig-
naling proteins (p53 and ERK1/2) in cultured human cervical carcinoma cells. A design of experiments
approach permitted to analyze the results of a subset of 16 peptides and define rules for high anticancer
activity against MDA-MB-231 breast carcinoma cells. Eight peptides were identified with IC50 values rang-
ing from 18.5 to 57.5 �M against the five cell lines tested, being HeLa cells the most sensitive. Among
ervical carcinoma
yclopeptides
harmacological synergism
esign of experiments

these sequences, BPC88, BPC96, BPC98, and BPC194 displayed specificity and high cytotoxicity against
HeLa cells (IC50 of 22.5–38.5 �M), showed low hemolytic activity and low cytotoxicity to non-malignant
fibroblasts, and were stable to proteases in human serum. Induction of apoptosis by these peptides was
observed and the apoptotic effect of BPC88 and BPC96 caused a marked decrease on the activated form of
ERK1/2 kinase and an induction of p53. We further showed that BPC96 at low doses synergized the cyto-
toxic effect of cisplatin. These findings suggest that cyclic decapeptides may represent novel anticancer

trateg
agents providing a new s

. Introduction

Antimicrobial peptides have emerged as potential candidates
or cancer therapy. They are cytotoxic not only against a wide
ange of bacteria, fungi, enveloped viruses and protozoa, but
lso against different types of human cancer cells, such as those
rom breast, bladder, ovarian and lung [15,17,23,25,31,46]. More-
ver, antimicrobial peptides have a mode of action and cellular
argets that are different from those of currently available anti-

ancer drugs, and some of them show low eukaryotic cytotoxicity
15,17,23,25,31,46].

Several modes of action have been suggested for the anticancer
ctivity of antimicrobial peptides. They affect cell membranes
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through a mechanism in which the presence of a net positive
charge and the ability to assume an amphipatic structure are cru-
cial peptide structural requirements [3,5,14,15,23,25,31,37]. The
positively charged amino acids interact electrostatically with the
negatively charged molecules present on the cell surface while the
amphipaticity favors their insertion into the membrane. Antimicro-
bial peptides may kill cancer cells via membrane permeation, either
by a detergent-like disruption of the cell membrane into peptide
coated vesicles or by formation of transient transmembrane pores.
Based on this mode of action, these peptides are unlikely to cause
rapid emergence of resistance because it would require significant
alteration of membrane composition, which is difficult to occur
[33,45]. In addition, there is increasing evidence that apart from
membrane damage, other mechanisms may be involved including
intracellular targets, such as mitochondria and nucleic acids which
may induce apoptosis in cancer cells [15,25,31].

Some antimicrobial peptides with anticancer activity do not
show significant cytotoxicity against untransformed proliferating

cells at peptide concentrations that are able to kill cancer cells
[15,23,25,31]. Parameters that could account for this selectivity
involve the higher net negative charge and membrane fluidity of
cancer cells as compared to normal cells. The higher negative charge
of cancer cells is due to a higher expression of anionic molecules

dx.doi.org/10.1016/j.peptides.2010.07.027
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
mailto:marta.planas@udg.edu
mailto:mtpuig@iconcologia.net
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uch as phosphatidylserine and O-glycosylated mucins on the
uter membrane leaflet, favoring the electrostatic interactions with
ationic antimicrobial peptides. The increased membrane fluidity
acilitates cancer cell membrane destabilization by membrane-
ound antimicrobial peptides.

Although peptides with significant biological activities have
een described, their therapeutic use is mainly limited by their

ow stability towards protease degradation [14,40]. Peptide cycliza-
ion constitutes a chemical strategy to overcome this limitation.
n particular, cyclic peptides have reduced conformational free-
om which, apart from increasing their stability to proteolysis,
akes them potent and specific binding ligands to macromolecu-

ar receptors [7,9,21]. In recent years, there has been much interest
n the development of cyclic peptides through modification of nat-
ral products or by de novo design, leading to the identification
f compounds with improved or novel pharmacological activities
8,12,21]. For instance, potent cyclic antitumor peptides have been
tudied, such as Kahalalide F which is currently under clinical trials
or several types of cancer [11,29], and novel anticancer peptide-
ased immunotherapies, such as peptide-based vaccines used in
ancer clinical trials [27].

The process involved in the development of lead candidates
s time-consuming and limited by the number of individual com-
ounds that can be prepared. Synthesis of libraries of small cyclic
eptides by combinatorial chemistry constitutes a suitable strategy
or the rapid identification of effective compounds with pharma-
ological activity [10,28,34,38,39]. In fact, such an approach has
ed to the discovery of cyclic peptides as ligands targeted to dif-
erent types of cancer cells [13,18,24,43,47]. However, a limitation
f combinatorial chemistry to optimize molecular properties is the
ifficulty in determining cooperative effects among the molecular
ubstitutions. Design of experiments (DOE) [4] constitutes a gen-
ral statistical methodology able to grasp simultaneous, synergic
nd non-linear effects among experimental factors and to eluci-
ate inner rules governing the system’s behavior in order to assist
n investigation course. This methodology has been successfully
pplied in the peptide design and activity prediction [1,28].

We have recently designed and synthesized a library of cyclic
ecapeptides with general structure c(X5-Phe-X3-Gln) where X is
ys or Leu that display high antibacterial activity and low hemolytic
ctivity [28]. Based on these properties, we decided to evaluate the
nticancer activity of these peptides. We first explored the cyto-
oxicity of the cyclic decapeptide library on human breast cancer
ells. A DOE approach was applied to determine the cooperative
ffects among the molecular substitutions and get the associated
tatistical significance. The most active peptides were then tested
or cytotoxicity on five different human carcinoma cell lines. Pep-
ides markedly selective towards HeLa cells by inducing apoptosis,
s evidenced by caspase activation, were identified. For the peptide
ith the optimal biological profile, we also evaluated its ability to

ynergize with cisplatin in HeLa cells.

. Materials and methods

.1. Chemicals, reagents and antibodies

The 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acid
erivatives, coupling reagents, and 4-methylbenzhydrylamine
MBHA) resin hydrochloride (0.4 mmol/g) were obtained from
ris Biotech (Marktredwitz, Germany). Trifluoroacetic acid (TFA),
,N-dimethylformamide (DMF), N-methyl-2-pyrrolidinone (NMP),

d(PPh3)4, sodium N,N-diethyldithiocarbamate, triisopropylsi-
ane (TIS), and CHCl3 were from Sigma–Aldrich Corporation
Madrid, Spain). Piperidine, N-methylmorpholine (NMM), and N,N-
iisopropylethylamine (DIEA) were purchased from Fluka (Buchs,
witzerland). Acetic acid was from Panreac (Castellar del Val-
(2010) 2017–2026

lès, Spain). Solvents for reverse-phase high-performance liquid
chromatography (RP-HPLC) were obtained from Scharlau (Sent-
menat, Spain). Cisplatin (Pharmacia Spain S.A., Barcelona, Spain)
was provided by the Girona Division of Catalan Institute of Oncol-
ogy Hospital Pharmacy (ICO, Hospital Josep Trueta, Girona, Spain)
and was stored at 4 ◦C. Human serum was supplied by Banc
de Sang i Teixits of Hospital Josep Trueta and was stored at
20 ◦C. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and monoclonal anti-�-actin mouse antibody (clone
AC-15) were purchased from Sigma (St. Louis, MO, USA). Rab-
bit polyclonal antibodies against PARP and mouse monoclonal
antibodies against phospho-ERK1/2 were from Cell Signaling Tech-
nology (Beverly, MD, USA). Mouse monoclonal antibody against
p53 (clone PAb 1801) was from Neomarkers (Fremont, CA, USA).
Peroxidase conjugated secondary antibody was from Calbiochem
(San Diego, CA, USA).

2.2. Synthesis of the cyclic decapeptide library

The MBHA resin (3.5 g, 0.4 mmol/g) was swollen with
CH2Cl2 (1× 20 min) and DMF (1× 20 min), and washed with
piperidine–DMF (3:7, 1× 5 min), DMF (6× 1 min) and CH2Cl2
(3× 1 min). Then, the resin was treated with Fmoc-Rink linker
(5 equiv.), N-[1H-benzotriazol-1-yl)(dimethylamino)methylene]-
N-methylmethanaminium hexafluorophosphate N-oxide (HBTU)
(5 equiv.) and DIEA (10 equiv.) in DMF overnight. After this time,
the resin was washed with DMF (6× 1 min), CH2Cl2 (3× 1 min) and
diethyl ether (3× 1 min), and air-dried.

The linear peptide precursors were prepared on an ACT Multi-
ple Peptide Synthesizer Apex 396 S (Aaptec). The above resin was
split into 66 wells (50 mg). Couplings were conducted using the
corresponding Fmoc-protected amino acid (0.6 M), HBTU (0.6 M),
1-hydroxybenzotriazole (HOBt) (0.6 M) and DIEA (1.2 M) in DMF
for 1 h. Fmoc removal was performed with piperidine–DMF (3:7,
5 + 10 min). After each coupling and deprotection step the resin was
washed with DMF (5× 1 min).

Once the chain assembly was completed, next steps were
performed manually in 66 polypropylene syringes fitted with a
polyethylene porous disk. The C-terminal allyl ester was cleaved
by treatment with Pd(PPh3)4 (3 equiv.) in CHCl3–acetic acid–NMM
(37:2:1) under nitrogen for 3 h, and the resin was washed with
tetrahydrofuran (3× 2 min), DMF (3× 2 min), DIEA–CH2Cl2 (1:19,
3× 2 min), sodium N,N-diethyldithiocarbamate (0.03 M in DMF,
3× 15 min), DMF (10× 1 min) and CH2Cl2 (3× 2 min). Following
Fmoc removal with piperidine–DMF (3:7, 2 + 10 min), cyclization
was carried out by treating the resin with benzotriazol-1-yl-N-
oxytris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP)
(5 equiv.), HOBt (5 equiv.), and DIEA (10 equiv.) in NMP at 25 ◦C
for 24 h. Following washes with NMP (6× 1 min) and CH2Cl2 (3×
1 min), cyclodecapeptides were cleaved from the resin by treat-
ment with TFA–H2O–TIS (95:2.5:2.5) for 1 h. The cleavage cocktail
was then removed using a Thermo Savant SPD121P SpeedVac
concentrator. After diethyl ether extraction, cyclic peptides were
dissolved in H2O, lyophilized, and analyzed by analytical RP-HPLC
performed at 1.0 ml/min using a Kromasil (4.6× 40 mm; 3.5 �m
particle size) C18 reverse-phase column. Linear gradients of 0.1%
aqueous TFA and 0.1% TFA in CH3CN were run from 0.98:0.02 to
0:1 over 7 min with UV detection at 220 nm. Final products were
obtained in ∼90% HPLC purity and were confirmed by electrospray
ionization mass spectrometry.
2.3. Cell lines and cell culture

MDA-MB-231 human breast Caucasian adenocarcinoma and
Panc-1 human pancreatic carcinoma cells were obtained from the
ATCC (American Type Culture Collection Rockville, MD, USA). A431
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uman epidermoid carcinoma, HeLa human cervical carcinoma and
epG2 human hepatocellular carcinoma cells were obtained from
ucellbank (Universitat de Barcelona, Spain). Cells were routinely
rown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
erlin, Germany) containing 10% fetal bovine serum (FBS, Bio-
hittaker, Walkersville, MD, USA), 1% l-glutamine, 1% sodium

yruvate, 50 U/ml penicillin and 50 �g/ml streptomycin (Gibco).
he cells remained free of Mycoplasma and were propagated in
dherent culture according to established protocols. Cells were
aintained at 37 ◦C in a humidified atmosphere of 95% air and 5%

O2.

.4. Cell growth inhibition assay

Peptides were dissolved in sterile Phosphate Saline Buffer
PBS) to get a final stock solution of 9600 �M. Sensitivity was
etermined using a standard colorimetric MTT assay. Briefly,
uman cancer cells were plated out at a density of 7 × 103

ells/100 �l/well in 96-well microtiter plates and allowed an
vernight period for attachment. Then, the medium was removed
nd fresh medium along with the corresponding peptide con-
entration (1–60 �M) were added to the cultures. For the
rug-combination assay, a given concentration of peptide BPC96
5–30 �M), of cisplatin (1.5, 2.5, 4.5 and 6.5 �М) or of BPC96
5–30 �M) plus a fixed cisplatin dose (1.5, 2.5, 4.5 and 6.5 �М)
ere added to the cultures. Agents were not renewed dur-

ng the 48 h of cell exposure, and control cells without agents
ere cultured under the same conditions. Following treatment,

ells were fed with drug-free medium (100 �l/well) and MTT
olution (10 �l, 5 mg/ml in PBS), and incubation was prolonged
or 3 h at 37 ◦C. After carefully removing the supernatants,
he MTT-formazan crystals formed by metabolically viable cells
ere dissolved in dimethyl sulphoxide (DMSO, 100 �l/well) and

he absorbance was measured at 570 nm in a multi-well plate
eader (Model Anthos Labtec 2010 1.7 reader). Using control
ptical density (OD) values (C), test OD values (T), and time
ero OD values (T0), the peptide concentration that caused 50%
rowth inhibition (IC50 value) was calculated from the equation,
00 × [(T − T0)/(C − T0)] = 50.

.5. Isobologram analysis of drug interactions

The interaction between BPC96 and cisplatin was evaluated by
he isobologram method as we have previously published [26,35].
riefly, the concentration of one agent producing a 30% inhibitory
ffect (IC30) is plotted on the horizontal axis, and the concen-
ration of another agent producing the same degree of effect
s plotted on the vertical axis; a straight line joining these 2
oints represents zero interaction (addition) between 2 agents. The
xperimental isoeffect points were the concentrations (expressed
elative to the IC30 concentrations) of the 2 agents that when
ombined kill 30% of the cells. When the experimental isoeffect
oints felt below that line, combination effect of the 2 drugs was
onsidered to be supra-additive or synergistic, whereas antago-
ism occurred if the experimental isoeffect points lay above it.
quantitative index of these interactions was provided by the

quation Ix = (A/a) + (B/b), being a and b the respective concen-
rations of BPC96 and cisplatin required to produce a fixed level
f inhibition (IC30) when administered alone; A and B, the con-
entrations required for the same effect when the drugs were

dministered in combination; and Ix, a drug interaction index.
alues of Ix < 1 indicate synergy, a value of 1 represents addi-

ion, and values >1 indicate antagonism. To estimate Ix, isoboles
ere used only when intercept data for both axes were avail-

ble.
(2010) 2017–2026 2019

2.6. Hemolytic activity

The data corresponding to the hemolytic activity of peptides
was previously reported by Monroc et al. [28]. It was evaluated at
375 �M by determining the hemoglobin release from erythrocyte
suspensions of fresh human blood (5%, v/v) using absorbance at
540 nm.

2.7. Design of experiments (DOE)

DOE was applied over a set of 16 cyclodecapeptides of general
structure c(X1X2X3X4LysPheLysLysLeuGln) for their growth inhi-
bition percentage of MDA-MB-231 breast carcinoma cells at 40 �M
peptide concentration. Two residues (Leu or Lys) could be present
at every molecular position coded with the letter X. Hence, every
substitution point constitutes a two-level factor and a total of 24

structures were studied, being the calculation a full factorial design.
All the molecular activity determinations were carried out in trip-
licate and in a random order. DOE calculations allowed not only to
detect structural rules for high activity but also it helped to deter-
mine that these rules were statistically significant. This information
was graphically represented in an effect plot. Data manipulations
were carried out with the MINITAB program (MINITAB version 14
for Windows. Minitab Inc., State College, PA, 2004).

2.8. Analysis of apoptosis

Apoptosis and induction of caspase activity were evaluated by
Western blotting analysis of PARP cleavage. Following treatment of
HeLa cells with the corresponding selected peptide (20 �M) during
12 h, cells were harvested with trypsin–EDTA, washed twice with
PBS, lysed in a lysis buffer (1 mM EDTA, 150 mM NaCl, 100 �g/ml
PMSF, 50 mM Tris–HCl (pH 7.5)) and kept at 4 ◦C while they were
routinely mixed every 5 min on a vortex during 30 min. A sample
was taken for measurement of protein content by the Lowry-based
BioRad assay. Total protein extracts were immunoblotted using
4–12% sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE,
Invitrogen, Van Alley Way, CA, EUA), transferred to nitrocellulose
membranes and blocked for 1 h at room temperature in block-
ing buffer (2.5% powdered-skim milk in PBS-T [10 mM Tris–HCl
(pH 8.0), 150 mM NaCl and 0.05% Tween-20]) to prevent non-
specific antibody binding. Blots were incubated overnight at 4 ◦C
with the primary antibody (PARP) diluted in blocking buffer. After
washes in PBS-T (3× 5 min), blots were incubated for 1 h with
the corresponding peroxidase conjugated secondary antibody and
developed employing a commercial kit (West Pico chemilumines-
cent substrate). Blots were reproved with an antibody for �-actin
as control for protein loading and transfer.

2.9. Immunoblot analysis of p53 and phospho-ERK1/2

The effect of selected peptides on the tumor suppressor factor
p53 and on phospho-ERK1/2 was investigated. Following treatment
of HeLa cells with the corresponding selected peptide (20 �M) dur-
ing 12 or 24 h, cells were lysed in a buffer containing 1 mM EDTA,
150 mM NaCl, 100 �g/ml PMSF, 50 mM Tris–HCl (pH 7.5), protease
and phosphatase inhibitor cocktails. A sample was taken for mea-
surement of protein content by the Lowry-based BioRad assay.
Total protein extracts were immunoblotted using 4–12% SDS-PAGE,
transferred to nitrocellulose membranes and blocked for 1 h at
room temperature in blocking buffer (2.5% powdered-skim milk in

PBS-T [10 mM Tris–HCl (pH 8.0), 150 mM NaCl and 0.05% Tween-
20]) to prevent non-specific antibody binding. Blots were incubated
overnight at 4 ◦C with the corresponding primary antibody diluted
in blocking buffer. After washes in PBS-T (3× 5 min), blots were
incubated for 1 h with the corresponding secondary antibody cho-
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thesis of the cyclic decapeptides depicted for BPC96.
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Scheme 1. General synthetic route for the syn

en according to the species of origin of the primary antibody (p53
nd phospo-ERK1/2), and developed employing a commercial kit
West Pico chemiluminescent substrate). Blots were reproved with
n antibody for �-actin as control for protein loading and transfer.

.10. Stability of peptides in serum

The stability of selected peptides was evaluated in human
erum. Each peptide (2.5 mg) was exposed to 25% aqueous filtered
uman serum (1 ml) at 37 ◦C. After 30 min, 1, 1.5 and 2 h exposure,
liquots (200 �l) were removed and proteins were precipitated
ith acetonitrile (200 �l). Samples were cooled to 0 ◦C for 15 min

nd centrifuged (11,000 rpm, 5 min). The supernatant was frozen,
reeze-dried and analyzed by matrix-assisted laser desorption ion-
zation with time-of-flight analysis (MALDI-TOF, ULTRAflex TOF,
ruker) using an �-cyano-4-hydroxycinnamic acid matrix.

. Results

.1. Library design and synthesis

The library comprised 66 cyclic decapeptides which incorpo-
ated a Phe and a Gln residue at positions 6 and 10, respectively,
nd alternating Lys and Leu at the other positions (Table 1). Among
hem, 50 peptides incorporated all combinations of three Leu
nd five Lys, and 16 cyclopeptides consisted of the substructure
ys5PheLysLysLeuGln10 and all possible combinations of Leu and
ys at positions 1–4. This cyclic decapeptide library was synthe-
ized by carrying out solid-phase synthesis of linear sequences
n an ACT Multiple Peptide Synthesizer Apex 396 S, followed
y manually on-resin cyclization. A three-dimensional orthogonal
moc/tButyl/Allyl strategy was used [20]. Side-chain protection for
ys was as tert-butyl carbamate (Boc). A Fmoc-Glu-OAl residue was
ntroduced as trifunctional amino acid to allow peptide anchor-
ng onto the resin, which resulted in a Gln after peptide cleavage
rom the solid support. Peptides were obtained with ∼90% purity as
etermined with high-performance liquid chromatography (HPLC).
lectrospray ionization mass spectrometry was used to confirm
eptide identity. The general strategy for the synthesis of the pep-
ide library is depicted in Scheme 1 for BPC96.

.2. Cytotoxic effect of cyclic peptides against a breast carcinoma
ancer cell line and design of experiments (DOE)

The anticancer activity of the full cyclic decapeptide library was
rst screened in MDA-MB-231 human breast adenocarcinoma cells
y determining the growth inhibition percentage at a peptide con-

entration of 40 �M by an MTT assay. Growth inhibition values
re summarized in Table 1. Eleven peptides produced an inhibi-
ion percentage of breast carcinoma cell growth between 20 and
0%, and eight sequences caused ≥50% inhibition, indicating that
hese peptides exhibit a potential anticancer effect. All the latter
Fig. 1. Effects plot obtained when single and two-residues interactions are being
considered. The statistically significant and dominant factors combinations are rep-
resented by squares, labeled as single (X1, X4, X3) and double interactions (X1X3).

peptides (BPC88, BPC94, BPC96, BPC98, BPC184, BPC194, BPC198,
and BPC202) have the substructure Lys5PheLysLysLeuGln10 as com-
mon structural feature. The most active peptides were BPC94 and
BPC184, with a growth inhibition percentage of 95 and 88%, respec-
tively.

The above eight peptides belong to a set of sixteen sequences
that were previously designed to be analyzed by design of experi-
ments (DOE) [28]. We decided to apply this methodology to study
the influence of the residues X1 to X4 in the general structure
c(X1X2X3X4LysPheLysLysLeuGln) on the growth inhibition per-
centage of the MDA-MB-231 cells. Representative data series are
shown in Table 2.

A full two-level factorial design was performed. In a first calcu-
lation, only first order (single residues) and two-order interactions
(pairs of residues) were analyzed. Results are represented by means
of the effects plot (Fig. 1), a probabilistic scale graph commonly used
to represent the influential factors obtained from DOE calculations.
The points depicted in plots represent calculated effects (increase
or decrease of the measured activity) associated to different fac-
tor combinations (single, double or higher order interactions). This
magnitude, once expressed in standardized deviation units, consti-
tutes the abscissas axis variable. The vertical axis variable is the left
queue cumulated probability to find a data point in the sequence of

points once sorted by its effect magnitude. The straight line in Fig. 1
shows the ideal fitting line to which the points should approach if a
random Gaussian distribution is followed. The black points around
this line represent effects that are not significant. The points that
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Table 1
Antitumor activity against MDA-MB-231 cells and hemolysis of the cyclic decapeptide library.

Peptide Growth inhibition (%)a Hemolysis (%)b

Code Sequence

BPC10L c(Lys-Leu-Lys-Leu-Lys-Phe-Lys-Leu-Lys-Gln) 0 84 ± 6.9
BPC58 c(Lys-Lys-Lys-Lys-Lys-Phe-Leu-Leu-Leu-Gln) 0 6 ± 0.5
BPC60 c(Lys-Lys-Lys-Lys-Leu-Phe-Lys-Leu-Leu-Gln) 0 72 ± 5.5
BPC62 c(Lys-Lys-Lys-Leu-Lys-Phe-Lys-Leu-Leu-Gln) 0 6 ± 0.6
BPC64 c(Lys-Lys-Leu-Lys-Lys-Phe-Lys-Leu-Leu-Gln) 0 10 ± 2.0
BPC66 c(Lys-Leu-Lys-Lys-Lys-Phe-Lys-Leu-Leu-Gln) 4 ± 0.11 22 ± 4.0
BPC68 c(Leu-Lys-Lys-Lys-Lys-Phe-Lys-Leu-Leu-Gln) 0 0 ± 0.5
BPC70 c(Lys-Lys-Lys-Lys-Leu-Phe-Leu-Lys-Leu-Gln) 4 ± 0.07 19 ± 0.5
BPC72 c(Lys-Lys-Lys-Leu-Lys-Phe-Leu-Lys-Leu-Gln) 2 ± 0.08 7 ± 2.0
BPC74 c(Lys-Lys-Leu-Lys-Lys-Phe-Leu-Lys-Leu-Gln) 22 ± 0.08 36 ± 1.7
BPC76 c(Lys-Leu-Lys-Lys-Lys-Phe-Leu-Lys-Leu-Gln) 14 ± 0.05 13 ± 1.9
BPC78 c(Leu-Lys-Lys-Lys-Lys-Phe-Leu-Lys-Leu-Gln) 13 ± 0.05 0 ± 0.4
BPC80 c(Lys-Lys-Lys-Leu-Leu-Phe-Lys-Lys-Leu-Gln) 9 ± 0.11 19 ± 0.7
BPC82 c(Lys-Lys-Leu-Lys-Leu-Phe-Lys-Lys-Leu-Gln) 25 ± 0.03 36 ± 2.5
BPC84 c(Lys-Leu-Lys-Lys-Leu-Phe-Lys-Lys-Leu-Gln) 27 ± 0.11 45 ± 3.5
BPC86 c(Leu-Lys-Lys-Lys-Leu-Phe-Lys-Lys-Leu-Gln) 8 ± 0.21 8 ± 0.9
BPC100 c(Lys-Lys-Lys-Lys-Leu-Phe-Leu-Leu-Lys-Gln) 6 ± 0.10 1.8 ± 0.8
BPC102 c(Lys-Lys-Lys-Leu-Lys-Phe-Leu-Leu-Lys-Gln) 23 ± 0.08 26 ± 3.0
BPC104 c(Lys-Lys-Leu-Lys-Lys-Phe-Leu-Leu-Lys-Gln) 11 ± 0.08 15 ± 2.2
BPC106 c(Lys-Leu-Lys-Lys-Lys-Phe-Leu-Leu-Lys-Gln) 17 ± 0.10 0 ± 0.1
BPC108 c(Leu-Lys-Lys-Lys-Lys-Phe-Leu-Leu-Lys-Gln) 9 ± 0.09 2 ± 0.2
BPC110 c(Lys-Lys-Lys-Leu-Leu-Phe-Lys-Leu-Lys-Gln) 14 ± 0.15 9 ± 0.4
BPC112 c(Lys-Lys-Leu-Lys-Leu-Phe-Lys-Leu-Lys-Gln) 9 ± 0.06 1 ± 0.1
BPC114 c(Lys-Leu-Lys-Lys-Leu-Phe-Lys-Leu-Lys-Gln) 17 ± 0.05 24 ± 1.8
BPC116 c(Leu-Lys-Lys-Lys-Leu-Phe-Lys-Leu-Lys-Gln) 5 ± 0.24 13 ± 0.9
BPC118 c(Lys-Lys-Leu-Leu-Lys-Phe-Lys-Leu-Lys-Gln) 19 ± 0.01 6 ± 0.6
BPC120 c(Leu-Lys-Lys-Leu-Lys-Phe-Lys-Leu-Lys-Gln) 12 ± 0.02 8 ± 1.6
BPC122 c(Lys-Leu-Leu-Lys-Lys-Phe-Lys-Leu-Lys-Gln) 7 ± 0.08 4 ± 1.3
BPC124 c(Leu-Lys-Leu-Lys-Lys-Phe-Lys-Leu-Lys-Gln) 4 ± 0.07 3 ± 0.1
BPC126 c(Leu-Leu-Lys-Lys-Lys-Phe-Lys-Leu-Lys-Gln) 8 ± 0.03 4 ± 0.6
BPC128 c(Lys-Lys-Lys-Leu-Leu-Phe-Leu-Lys-Lys-Gln) 22 ± 0.06 1 ± 0.3
BPC130 c(Lys-Lys-Leu-Lys-Leu-Phe-Leu-Lys-Lys-Gln) 15 ± 0.20 6 ± 3.0
BPC132 c(Lys-Leu-Lys-Lys-Leu-Phe-Leu-Lys-Lys-Gln) 18 ± 0.18 4 ± 0.9
BPC134 c(Leu-Lys-Lys-Lys-Leu-Phe-Leu-Lys-Lys-Gln) 3 ± 0.15 2 ± 0.3
BPC136 c(Lys-Lys-Leu-Leu-Lys-Phe-Leu-Lys-Lys-Gln) 29 ± 0.05 41 ± 1.8
BPC138 c(Lys-Leu-Lys-Leu-Lys-Phe-Leu-Lys-Lys-Gln) 0 5 ± 0.9
BPC140 c(Leu-Lys-Lys-Leu-Lys-Phe-Leu-Lys-Lys-Gln) 0 23 ± 1.1
BPC142 c(Lys-Leu-Leu-Lys-Lys-Phe-Leu-Lys-Lys-Gln) 0 14 ± 1.6
BPC144 c(Leu-Lys-Leu-Lys-Lys-Phe-Leu-Lys-Lys-Gln) 7 ± 0.17 9 ± 1.9
BPC146 c(Leu-Leu-Lys-Lys-Lys-Phe-Leu-Lys-Lys-Gln) 12 ± 0.19 3 ± 0.5
BPC148 c(Lys-Lys-Leu-Leu-Leu-Phe-Lys-Lys-Lys-Gln) 19 ± 0.09 1 ± 0.2
BPC150 c(Lys-Leu-Lys-Leu-Leu-Phe-Lys-Lys-Lys-Gln) 11 ± 0.22 4 ± 0.2
BPC152 c(Leu-Lys-Lys-Leu-Leu-Phe-Lys-Lys-Lys-Gln) 0 2 ± 0.1
BPC154 c(Lys-Leu-Leu-Lys-Leu-Phe-Lys-Lys-Lys-Gln) 28 ± 0.05 11 ± 1.7
BPC156 c(Leu-Lys-Leu-Lys-Leu-Phe-Lys-Lys-Lys-Gln) 1 ± 0.26 3 ± 0.4
BPC158 c(Leu-Leu-Lys-Lys-Leu-Phe-Lys-Lys-Lys-Gln) 2 ± 0.13 9 ± 0.7
BPC160 c(Lys-Leu-Leu-Leu-Lys-Phe-Lys-Lys-Lys-Gln) 20 ± 0.26 3 ± 0.4
BPC162 c(Leu-Lys-Leu-Leu-Lys-Phe-Lys-Lys-Lys-Gln) 16 ± 0.31 2 ± 0.8
BPC164 c(Leu-Leu-Lys-Leu-Lys-Phe-Lys-Lys-Lys-Gln) 16 ± 0.15 4 ± 0.5
BPC166 c(Leu-Leu-Leu-Lys-Lys-Phe-Lys-Lys-Lys-Gln) 5 ± 0.24 0 ± 0.1
BPC88 c(Lys-Lys-Leu-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 50 ± 0.10 33 ± 3.3
BPC90 c(Lys-Leu-Lys-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 23 ± 0.17 30 ± 4.1
BPC92 c(Leu-Lys-Lys-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 13 ± 0.08 7 ± 0.7
BPC94 c(Lys-Leu-Leu-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 95 ± 0.01 73 ± 1.6
BPC96 c(Leu-Lys-Leu-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 59 ± 0.08 32 ± 7.2
BPC98 c(Leu-Leu-Lys-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 60 ± 0.07 36 ± 3.7
BPC184 c(Lys-Leu-Leu-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 88 ± 0.01 89 ± 5.3
BPC186 c(Lys-Lys-Lys-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 22 ± 0.09 0 ± 0.4
BPC188 c(Leu-Leu-Leu-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 14 ± 0.01 87 ± 6.5
BPC190 c(Leu-Lys-Lys-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 0 0
BPC192 c(Leu-Lys-Leu-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 20 ± 0.05 49 ± 7.7
BPC194 c(Lys-Lys-Leu-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 70 ± 0.01 17 ± 1.7
BPC196 c(Leu-Leu-Lys-Leu-Lys-Phe-Lys-Lys-Leu-Gln) 18 ± 0.09 47 ± 7.2
BPC198 c(Lys-Leu-Lys-Lys-Lys-Phe-Lys-Lys-Leu-Gln) 56 ± 0.06 14 ± 1.4
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BPC200 c(Leu-Leu-Leu-Leu-Lys-Phe-Lys-Lys-Leu-Gln)
BPC202 c(Lys-Lys-Lys-Lys-Lys-Phe-Lys-Lys-Leu-Gln)

a Percentage of MDA-MB-231 human breast cancer cell growth inhibition at 40 �
b Percentage of erythrocytes hemolysis at 375 �M plus confidence interval.
ove far away from the ideal line (squares) reveal which kind of
nteractions are statistically significant.

DOE calculations indicated that X1 exerted the greatest influ-
nce on the activity (Fig. 1), being a Lys the optimal residue. This
11 ± 0.27 71 ± 11.7
63 ± 0.02 2 ± 0.2

se plus standard deviation.
first rule accounted for eight molecules, six of which produced
a growth inhibition percentage ≥50% (BPC88, BPC94, BPC184,
BPC194, BPC198, and BPC202). Next residue crucial on the activity
was X4, and a Lys was also preferred. This second rule led to select



2022 L. Feliu et al. / Peptides 31 (2010) 2017–2026

Table 2
Data used for DOE analysis (changes of residues X1 to X4 in the cyclic decapeptides c(X1X2X3X4LysPheLysLysLeuGln) and growth inhibition of MDA-MB-231 cells).

Residues Peptide Growth inhibition (%)a

X1 X2 X3 X4

Leu Leu Leu Leu BPC200 7.2 0.0 29.5
Lys Leu Leu Leu BPC184 88.0 88.6 87.4
Leu Lys Leu Leu BPC192 24.2 18.2 17.4
Lys Lys Leu Leu BPC88 42.4 51.2 57.5
Leu Leu Lys Leu BPC196 15.3 12.7 26.2
Lys Leu Lys Leu BPC90 35.0 16.5 16.4
Leu Lys Lys Leu BPC92 19.8 11.2 8.9
Lys Lys Lys Leu BPC186 16.4 21.6 27.1
Leu Leu Leu Lys BPC188 13.6 14.6 13.8
Lys Leu Leu Lys BPC94 95.1 93.6 94.9
Leu Lys Leu Lys BPC96 54.3 56.9 65.9
Lys Lys Leu Lys BPC194 70.5 68.9 70.6
Leu Leu Lys Lys BPC98 55.9 58.6 66.5
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a Percentage of MDA-MB-231 human breast cancer cell growth inhibition at 40 �

ix active compounds (BPC94, BPC96, BPC98, BPC194, BPC198, and
PC202) out of eight. A third rule referred to X3, being Leu the
referred residue and selecting five active peptides (BPC88, BPC94,
PC96, BPC184, and BPC194). Finally, a double interaction X1X3 was
orth of mention, being the optimal combination the Lys-Leu pair.

his significant effect pointed to consider four active compounds,
PC88, BPC94, BPC184, and BPC194. The simultaneous application
f these four rules accounted for two of the most active peptides:
PC94 and BPC194. These four effects were statistically significant
ith p values much lesser than 0.001. For all cases, the respective

tandardized effects, in terms of t-Student variable, were greater
han 3 units with absolute values of 6.50, 4.12, 3.69, and 3.04 for
he effects X1, X4, X3, and X1X3, respectively (Fig. 1).

The numerical analysis revealed that peptides mainly showed
ndividual effects on substitution. Cooperative effects were stated
nly for the X1X3 interaction, but it was the last rule in the hierar-
hic path. A second calculation including all the possible orders
f interaction effects showed that the triple interaction X1X2X3

as also important, being Lys-Leu-Leu the preferred residues. This
nteraction pointed to the two most active structures BPC94 and
PC184. This proposal was consistent with the above single-effect
references and, together with the Lys substitution at position X4,

ed to identify the most active peptide BPC94.
In view of the above results, we checked the degree of coherence

mong the data and the prediction capacity. A simpler fractional
actorial design was performed considering only a subset of eight

olecules (BPC184, BPC186, BPC188, BPC190, BPC192, BPC194,
PC196, and BPC198). Deliberately, the most active compound
PC94 was not included in the calculations. This partial data
evealed that many single effects and some two-factor interactions
ere relevant. The most preferential rule (t value greater than 30.0)
as to set X1 = Lys, followed by the condition X3 = Leu (t = 15.69).

hese two rules led to identify the active peptides BPC184 and
PC194 (both were included into the calculations). They also pre-
icted the design of other compounds which were not present in
he analyzed data set, i.e., the result gave a clue to consider peptides
PC88 and BPC94. Additionally, the next relevant rule suggested to
et X2 = Leu (t = 10.65), definitively pointing out to peptide BPC94.
he remaining rules were also coherent with this choice. These
esults showed that DOE is a useful tool in molecular design.
.3. Cytotoxic effects of cyclic peptides against a panel of human
ancer cells

The eight best peptides in terms of cancer growth inhibition of
DA-MB-231 cells were selected to determine the IC50 against this
BPC198 52.0 57.5 59.8
BPC190 0.0 0.0 0.0
BPC202 63.8 62.8 61.7

se. Data are obtained from three independent experiments as required by DOE.

cell line and also against HeLa cervical, HepG2 hepatocellular, A431
epidermoid, and Panc-1 pancreatic carcinoma cells (Table 3). Pep-
tides were active at the concentrations tested against all cell lines
with IC50 values ranging from 18.5 to 57.5 �M, except for BPC198 in
HepG2. In these experiments, BPC94 was active against all cell lines,
with an IC50 comprised between 18.5 and 23 �M. BPC88 was also
effective although at higher concentrations (IC50 of 22.5–32.5 �M),
as were peptides BPC96, BPC98, BPC184 and BPC194, with IC50
values from 24.5 to 51 �M. Interestingly, in HeLa cells except for
BPC202 (IC50 of 54 �M) and BPC98 (IC50 of 38.5 �M), the other
peptides exhibited an IC50 ≤ 35 �M.

3.4. Hemolysis and growth inhibition assay of peptides in normal
mammalian cells

The hemolytic activity of the cyclic peptides was evaluated at
375 �M (Tables 1 and 3). Results showed that two of the eight
selected peptides, BPC94 and BPC184, showed significant hemol-
ysis (73 and 89%, respectively). In contrast, the other peptides
exhibited a low hemolytic activity, ranging from 2 to 36% (Table 3).

The activity on non-malignant human cells (fibroblasts N1) was
assessed for peptides that displayed high cytotoxic activity against
HeLa cells and also low hemolysis: BPC88, BPC96, BPC98, BPC194
and BPC198. Peptides BPC94 and BPC184 were not included due to
their high hemolysis and BPC202 due to its low activity against HeLa
cells. Results showed that BPC198 was highly cytotoxic in non-
malignant cells (IC50 of 7.5 �M in N1 vs. IC50 of 35 �M in HeLa cells).
By contrast, the IC50 values of BPC88, BPC96, BPC98 and BPC194 in
non-malignant fibroblasts were up to two fold their IC50 values in
malignant HeLa cells. This trend is particularly important for BPC96,
which only caused a letality of 13% in non-malignant cells (data not
shown) at its IC50 value in HeLa cells (24.5 �M).

3.5. Stability of peptides in human serum

The stability in human serum of the cyclic decapeptides BPC88,
BPC96, BPC98, BPC194 and BPC198 was tested next (see Supporting
Information). After exposure to 25% aqueous human serum at dif-
ferent time intervals, the presence of peptide was analyzed by
MALDI-TOF. Results showed that all five cyclic peptides were stable

in human serum. The least stable was BPC88 which after a 30 min
exposure was almost completely degraded. In contrast, BPC96 and
BPC98 were still detected up to 1.5 and 1 h, respectively. The most
stable peptides were BPC194 and BPC198 which were observed
after 2 h.
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Table 3
Cytotoxicity (IC50)a of selected cyclic decapeptides against a panel of human carcinoma cells and non-malignant fibroblasts (N1), and hemolytic activity.

Code MDA-MB-231 HeLa HepG2 A431 Panc-1 Hemolysisb N1

BPC88 31.2 ± 5 22.5 ± 0 32.5 ± 4 28.0 ± 3 32.5 ± 11 33 ± 3.3 42.0 ± 7.1
BPC94 22.0 ± 0 23.0 ± 3 20.5 ± 6 21.5 ± 8 18.5 ± 8 73 ± 1.6 ndc

BPC96 40.0 ± 7 24.5 ± 0.7 34.5 ± 2 35.0 ± 7 51.0 ± 6 32 ± 7.2 39.0 ± 9.9
BPC98 40.7 ± 3 38.5 ± 4 44.0 ± 3 47.5 ± 4 44.5 ± 0.7 36 ± 3.7 58.5 ± 2.1
BPC184 32.2 ± 7 30.5 ± 12 42.2 ± 2 24.5 ± 0.7 41.5 ± 11 89 ± 5.3 nd
BPC194 32.5 ± 0.5 29.5 ± 2 46.0 ± 3 50.0 ± 10 40.0 ± 3 17 ± 1.7 56.5 ± 0.7
BPC198 53.2 ± 13 35.0 ± 1 >60 49.5 ± 6 57.5 ± 6 14 ± 1.4 7.5 ± 0.7
BPC202 40.5 ± 9 54.0 ± 6 46.0 ± 8 35.5 ± 2 43.5 ± 0.7 2 ± 0.2 nd

ay. Ea
i

3

B
a
W
p
t
l
p
(

3
p

B
t
A
c
e
p
a
c
c
B
t
o
t
o
n

3

w
d
c
f
c
p
c
6
r
(
g
I
t
w
l
c

a Cells were treated for 48 h. Cytotoxicity (�M) was determined using the MTT ass
n triplicate.

b Percentage of erythrocytes hemolysis at 375 �M plus confidence interval.
c Not determined.

.6. Analysis of apoptosis induced by peptides

The cell death mechanism displayed by peptides BPC88, BPC96,
PC98, BPC194 and BPC198 was examined using HeLa cells. First,
poptosis and induction of caspase activity were checked by
estern blotting analysis showing cleavage of poly-ADP-ribose

olymerase (PARP) (Fig. 2A). Treatment of HeLa cells with pep-
ides at 20 �M during 12 h induced a marked increase on the
evels of the PARP cleavage product (89 kDa band) that, com-
ared to untreated cells, ranged between 32- (BPC88) and 684-fold
BPC194).

.7. Effect of peptides on the expression levels of cellular proteins
53 and phospho-ERK1/2

We also examined the effect of peptides BPC88, BPC96, BPC98,
PC194 and BPC198 on the two related mediators involved on
wo different targets: the oncogen p53 and the ERK1/2, a Mitogen-
ctivated Protein Kinase pathway (Fig. 2B and C). Treatment of HeLa
ells with BPC98, BPC194 and BPC198 at 20 �M for 12 h had little
ffect on the cellular protein levels of the tumor suppressor factor
53 (Fig. 2B). In contrast, incubation of cells with BPC88 and BPC96
t 20 �M for 12 h noticeably increased the protein levels of p53
ompared to untreated cells (1.8- and 1.5-fold, respectively). Con-
erning ERK1/2-related pathway, incubation of cells with BPC88,
PC96, and BPC198 at 20 �M for 12 and 24 h substantially blocked
his survival pathway based on the decrease in the activated form
f ERK1/2 (p-ERK1/2) compared to untreated cells (Fig. 2C). During
his experiment, there was no significant change in the total level
f ERK1/2 protein as assessed by Western blotting analysis (data
ot shown).

.8. Cytotoxicity of BPC96 and cisplatin co-treatment in HeLa cells

Peptide BPC96 was selected to study its ability to synergize
ith cisplatin in HeLa cells. Cells were co-treated for 48 h with
ifferent concentrations of BPC96 (5–30 �M) along with a fixed
isplatin dose (1.5, 2.5, 4.5, and 6.5 �M). We previously per-
ormed dose-response experiments (MTT assay) of cisplatin in HeLa
ells to determine these fixed cisplatin concentrations required to
erform the combination experiments (data not shown). The per-
entage of surviving cells after treatment with 1.5, 2.5, 4.5, and
.5 �M cisplatin was of 94 ± 2, 72 ± 3, 50 ± 7, 45 ± 6 and 40 ± 4%,
espectively (Fig. 3). The co-treatment of HeLa cells with BPC96
5–30 �M) and a fixed dose of cisplatin showed a strong syner-
istic cytotoxicity in all cisplatin concentrations assayed (Fig. 3).

nterestingly, this synergistic effect was even significant when
he lowest BPC96 concentration tested (5 �M) was combined
ith the lowest cisplatin dose assayed (1.5 �M). In summary, the

etality of HeLa cells treated with 5 �M BPC96 or with 1.5 �M
isplatin was 8 and 5%, respectively, while letality of HeLa cells
ch value represents the mean ± SD from three independent experiments performed

co-treated with 1.5 �M cisplatin plus 5 �M BPC96 increased to 25%
(Fig. 3).

We further examined the degree of synergistic interaction
between BPC96 and cisplatin in HeLa cells. The combined effect
was analyzed by the isobole method, using a series of isobologram
transformations of multiple dose-response curves at an effect level
of 30% (IC30) [26,35]. Based on the median interaction index value
(Ix), co-treatment of HeLa cells with BPC96 plus cisplatin resulted
in a marked synergistic interaction (Ix = 0.74 ± 0.17).

4. Discussion

Several natural antimicrobial peptides are known to exhibit
anticancer activity. Particularly those with no or little hemolytic
activity can be considered as lead molecules for the develop-
ment of new anticancer agents [15,23,25]. We have recently
documented the antibacterial activity of a library of 66 de novo
designed cyclic decapeptides with general structure c(X5-Phe-
X3-Gln) where X is Lys or Leu [28]. Best peptides were active
against the phytopathogenic bacteria Erwinia amylovora, Pseu-
domonas syringae and Xanthomonas vesicatoria (3.1–25 �M) and
displayed low hemolysis (∼15% at 375 �M). In the present study,
we examined the anticancer activity of this peptide library.

Antitumor activity of the cyclic decapeptide library against
MDA-MB-231 human breast adenocarcinoma cells correlated with
the previously observed antimicrobial activity against the above
bacteria [28]. In both cases, the most active compounds were
identified within a subset of 16 peptides that share the substruc-
ture Lys5PheLysLysLeuGln10. The most potent antitumor peptides
caused a growth inhibition percentage of MDA-MB-231 cells
between 70 and 95%.

In the present study, DOE was a useful tool to define general
rules leading to the selection of optimal compounds against MDA-
MB-231 cells. This approach has been previously used in peptide
chemistry and allows to simultaneously study all the effects of each
residue in the peptide sequence and to analyze and discriminate
single or multiple interactions between them. Recently, the anal-
ysis using DOE of the peptide subset with the general structure
c(X1X2X3X4LysPheLysLysLeuGln), with X being Lys or Leu, led to
the identification of the optimal amino acids at positions 1–4 for
antibacterial activity [28]. It was found that the general rule to fol-
low was to set X2 /= X3. In contrast, the numerical analysis of the
antitumor activity of the same peptide subset showed that sub-
stitutions at X1, X3 and X4 had the highest influence on activity.
The optimal residues found were Lys at positions 1 and 4, and Leu

at position 3. These rules led to the identification of the peptides
with the best antibacterial (BPC194 and BPC198) and antitumor
(BPC94 and BPC184) activities. Therefore, these results suggest that
cyclic decapeptides with selective antibacterial or antitumor activ-
ity could be designed.
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Fig. 2. Effect of cyclic peptides on the activity of caspase, p53 and ERK1/2 in HeLa cells (Western blotting and densitometry). (A) Effect of peptides BPC88, BPC96, BPC98,
BPC194 and BPC198 on caspase activity by PARP cleavage. HeLa cells were treated with peptides (20 �M) for 12 h, and equal amounts of lysates were immunoblotted with
anti-PARP antibody to identify the 89 kDa band (cleavage product). Blots were reproved for �-actin as loading control. Gels shown are representative of those obtained
from two independent experiments. (B) Effect of BPC88, BPC96, BPC98, BPC194 and BPC198 on p53 levels. HeLa cells were treated with peptides (20 �M) for 12 h, and equal
amounts of lysates were subjected to Western blot analyses with an anti-p53 antibody. Gels shown are representative of those obtained from two independent experiments.
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lots were reproved for �-actin as loading control. (C) Effect of BPC88, BPC96, BPC
2 and 24 h, and equal amounts of lysates were subjected to Western blot. Activati
orresponding phospho-specific antibody (phospo-ERK1/2). Blots were reproved fo
ndependent experiments.

The DOE approach was also considered for the above subset
f peptides but for the hemolytic activity [28]. It was found that
he simultaneous presence of a Lys at positions 2 and 3 accounted
or many of the less hemolytic peptides (BPC92, BPC186, BPC190,
nd BPC202). This rule was not exactly coincident with the pep-
ide sequence pattern associated to high antitumor activity. This
as also observed when comparing the rules for antibacterial

nd hemolytic activities. However, except for peptides BPC94 and
PC184, many of the compounds with the highest antitumor activ-

ty (BPC88, BPC96, BPC98, BPC194, BPC198, and BPC202) displayed
ow levels of hemolysis.

A variability in peptide cytotoxicity was observed when they
ere tested against different types of cancer cells. Among the
uman cancer cell lines tested, data pointed to HeLa cells as the
ost sensitive cell line to the selected peptides. This different sen-

itivity may be attributed to differences in cell membrane composi-

ion, fluidity, and surface area between these cell lines [15]. Notably,
yclic peptides selective against HeLa cells exhibited low toxicity
gainst erythrocytes and normal mammalian cells. Peptides BPC88,
PC96, BPC194, and BPC198 did not show a significant hemolytic
ctivity, even at a much higher concentration than the IC50 values
C194 and BPC198 on p-ERK1/2. HeLa cells were treated with peptides (20 �M) for
ERK1/2 was analyzed by assessing the phosphorylation status of ERK1/2 using the
ctin as loading control. Gels shown are representative of those obtained from two

against all tumor cell lines tested (14–33% hemolysis at 375 �M).
Moreover, BPC88, BPC96, and BPC194 were less cytotoxic against
non-malignant fibroblasts N1 than against tumor cells. In partic-
ular, a mortality of only 13% in N1 cells was observed for BPC96
at its IC50 value towards HeLa cells (24.5 �M, data not shown). The
basis of the selective killing of tumor cells by antimicrobial peptides
has been attributed to their mode of action [15,23,25,31,36,42,45].
While much is known about the general mechanism by which
antimicrobial peptides are active against microorganisms, less is
known concerning their anticancer mechanism of action. Gener-
ally, antimicrobial peptides function by disrupting cell membranes,
being the positive charge of the peptides and the different compo-
sition of the cell membrane bilayers the most critical factors for
the activity. Due to the fact that the amount of phosphatidylserine
located in the outer leaflet of the membrane is higher in cancer cells
than in normal cells, the former are more susceptible to the lytic

action of antimicrobial peptides [36].

Susceptibility to enzymatic cleavage is one of the limitations of
using peptides as therapeutic agents. Cyclization has been applied
to improve peptide stability against metabolic degradation. In a
previous report, we observed this tendency when analyzing the
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Fig. 3. Cytoxicity in HeLa cells following BPC96 and cisplatin (CP) combination treat-
ment. HeLa cells were treated with different concentrations of BPC96 (5–30 �М) or
with different combinations of BPC96 (5–30 �М) and a fixed cisplatin concentration
(1.5, 2.5, 4.5 and 6.5 �М) for 48 h. Black circles represent the percentage of surviving
cells after 48 h in cisplatin treatment, which was determined using the MTT assay.
Results are expressed as percentage of surviving cells from three independent exper-
iments performed in triplicate. The interaction index (Ix) for the two-drug effect
in HeLa cells was calculated using isobologram analysis. The Ix parameter indicate
whether the doses of the two drugs required to produce a given degree of cytotoxi-
city are greater than (Ix > 1 or antagonism) equal to (Ix = 1 or additivism) or less than
(
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Ix < 1 or synergism) the doses that would be required if the effect of two agents were
trictly additive. Ix values for the two-drug treatment were obtained from duplicate
tudies. * (p < 0.05) Indicate the level of statistical significance of the Ix compared
ith an Ix of 1.

tability of BPC10L to protease degradation. This cyclic peptide was
egraded significantly slower than its linear counterpart [28]. In the
resent study, the stability of cyclic peptides in human serum was
hecked. Notably, the cyclic peptides BPC96 and BPC194 with an
ptimal biological profile in terms of anticancer activity, hemoly-
is and cytotoxicity against non-malignant fibroblasts also showed
ood stability in human serum.

Apart from disrupting cell membranes, it has been reported
hat antimicrobial peptides are endowed with cytotoxic mech-
nisms in cancer cells involving apoptosis via mitochondrial
athway [15,22,31]. This mode of action was observed for the
bove selected peptides, which induced PARP cleavage indicat-
ng their apoptotic activity in HeLa cells. The anticancer activity
f these peptides was accompanied by changes in cell growth and
roliferation signaling pathways. BPC96 exhibited an optimal bal-
nce between PARP cleavage, activation of p53 and blockage of
RK1/2. On the other hand, peptides had different effects on the
roliferation signaling pathways. In particular, BPC88 and BPC96

nduced apoptosis in HeLa cells through activation of p53 medi-
ted by ERK1/2 kinases. These findings are consistent with previous
eports showing that ERK1/2 kinases target the transcriptional reg-

latory domain of p53 responding to several anticancer drugs,
uch as cisplatin [19,32,41]. In contrast, the induction of apop-
osis by BPC198 was dependent on ERK1/2 kinases but was not
elated with the p53 pathway. Further molecular studies with
hese peptides are needed with the objective of gaining additional
(2010) 2017–2026 2025

insights into the molecular mechanisms underlying the observed
cytotoxicity.

A synergistic effect between low doses of BPC96 and cisplatin
was strongly evident. This effect was observed even at the lowest
cisplatin concentration assayed. These synergistic results are
promising, since there is a lack of specific and non-toxic therapies
to treat human cervical carcinomas [2,6]. Current therapies use
high doses of cisplatin causing important undesirable collateral
effects such as nephrotoxicity [44]. The synergism between antimi-
crobial peptides and existing chemotherapeutic agents, which may
decrease the required dosage of these drugs to achieve a positive
response and thereby reduce drug-related side effects, has been
previously documented [25]. In fact, it has been described that
antimicrobial peptides with anticancer activity would supplement
rather than replace the conventional chemotherapeutics. For
example, cecropin A enhances the cytotoxic effect of 5-fluorouracil
or cytarabine on lymphoblastic leukemia cells [16]. A similar
additive inhibitory effect on the growth of small cell lung cancer
cells has been demonstrated when synthetic magainin analogues
are used in combination with cisplatin or etoposide [30].

5. Conclusions

Taken together, a number of our designed cyclic decapeptides
displayed a favorable profile for future therapeutic development
against cancer. In particular, BPC96 exhibited a marked anticancer
activity, high stability to protease degradation, induced apoptosis
in human cancer cells, and showed synergistic antitumor effects
when combined with cisplatin. These findings suggest that BPC96
may represent a novel therapeutic strategy for the treatment of
cervical carcinoma. Future experiments will investigate the efficacy
of BPC96 in a pre-clinical model of HeLa cisplatin resistant cells and
the anticancer efficacy and long-term toxicity of the combination
treatments in vivo using a murine cervical tumor model.
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