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Human cancer is one of the most important causes of death
in western and industrialized countries. In advanced stages,
therapeutic opportunities are still limited due to the difficulty
to target specifically only cancer cells sparing healthy ones.
Cancer often has specific molecular alterations of signal
transduction pathway or of other molecules linked to the
proliferation and wide spreading of tumour cells. Several
peptides have been isolated from natural products and/or
physiological sources and several of them have biological
activity on cancer cells. This special issue addresses the role
of these natural peptides and of their synthetic derivatives in
cancer therapy, alone or in combinationwith other anticancer
agents.

One of the most interesting peptides of natural origin is
Urotensin-II (U-II) originally isolated from the goby uroph-
ysis and subsequently identified in humans. It binds a specific
receptor (UTR) that mediates a very strong contraction of
vessel muscle cells. In particular, since the modulation of the
U-II system offers a great potential for therapeutic strategies
related to the treatment of several diseases, like cardiovascu-
lar diseases, the research of selective and potent ligands at
UTR is more fascinating. Finally, it was recently reported by
several groups a potential role of U-II and its receptor in the
regulation of cancer biology. The paper by F. Merlino et al.
discusses peptide and nonpeptide U-II and UTR structures
that have led to a more rational and detectable design and
synthesis of newmolecules with high affinity for UTR. Other
peptides with anticancer properties are peptide hormones

acting on the pituitary axis in the treatment of endocrinolog-
ical cancers such as breast and prostate cancer and peptides
acting on neuroendocrine receptors such as somatostatin and
BN/GRP (bombesin/gastrin-releasing peptide).The paper by
J.Thundimadathil discussed the role of luteinizing hormone-
releasing hormone (LHRH) agonists and antagonists and on
the possible action of somatostatin analogues as radioisotope
or cytotoxic drug carriers in the treatment of somatostatin
receptor expressing tumours. Finally, the possible use of
peptides in cancer vaccine or anti-angiogenic strategies is also
described.

Food is another important source for proteins and pep-
tides with potential anticancer activity. Bovine milk is an
important component of the human diet, and it contains
several proteins formed by two major families: caseins
(insoluble) and whey proteins (soluble). The latter are 𝛽-
lactoglobulin, 𝛼-lactalbumin, bovine serum albumin, and
lactoferrin while the predominant forms of the caseins in
ruminant milk are 𝛼S1, 𝛼S2, 𝛽, and 𝜅. The paper by Pepe et
al. describes the main evidences on the anticancer activity
of some of these proteins on human cancer cell cultures.
Another important function of certain peptides in cancer
cell biology is the potential interference with the oxidative
processes that are, in turn, strictly implicated in the occur-
rence and progression of cancer. In this light, cyclooxygenase
(COX) is a key enzyme in the biosynthetic pathway leading
to the formation of prostaglandins, which are mediators
of inflammation and oxidative stress. It exists mainly in
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two isoforms COX-1 and COX-2, with the latter being
more expressed in cancer cells than in normal counterparts.
Therefore, agents that inhibit COX-2 while sparing COX-1
represent a new attractive therapeutic development and offer
a new perspective for a further use of COX-2 inhibitors.
The paper by Vernieri et al. describes the design of new
tripeptide inhibitors of COX-2 with, in some cases, a potent
and selective inhibitory activity of the enzymatic function
of COX-2. These peptides are, therefore, promising as anti-
cancer agents. Another peptide that has demonstrated to be
a strong modulator of the stress response is a quinone-based
mimetic dipeptide, namedDTNQ-Pro. It has been previously
reported to induce differentiation of growing Caco-2 cells
through inhibition of heat shock proteins (HSPs) 70 and 90.
The paper by Gomez-Monterrey et al. has evaluated whether
a decrease of stress proteins induced byDTNQ-Pro in Caco-2
cells could sensitize them to treatment with 5-fluorouracil (5-
FU). The pretreatment of Caco-2 with DTNQ-Pro increases
lipid peroxidation and decreases expression of p38 mitogen-
activated protein kinase (MAPK) and FOXO3a. At the same
experimental conditions, an increase of the 5-FU-induced
growth inhibition of Caco2 cells was recorded. These effects
could be due to enhanced DTNQ-Pro-induced membrane
lipid peroxidation that, in turn, causes the sensitization of
cancer cells to the cytotoxicity mediated by 5-FU. Again the
modulation of oxidative stress by a peptide could be a way
to sensitize cancer cells to cytotoxic antitumour agents such
as 5-FU. Similarly, the second-generation peptide (CIGB-552)
described in the paper by Fernández Massò et al. increases
the levels of COMMD1, a protein involved in copper home-
ostasis, sodium transport, and NF-𝜅B signaling pathway.
These effects were recorded together with the decrease of the
antioxidant capacity of cancer cells paralleled by proteins and
lipids peroxidation.This study provides new insights into the
mechanism of action of the peptide CIGB-552, which could
be relevant in the design of future anticancer therapies.

Tumour microenvironment is becoming even more im-
portant in the regulation and sustainment of cancer cell
growth. In this light, matrix metalloproteinases (MMPs) are
important medicinal targets for cancer invasion and metas-
tasis, where they showed to have a dual role, inhibiting or
promoting important processes involved in the pathology.
MMPs contain a zinc (II) ion in the protein active site. Tor-
torella et al. have designed small-molecule inhibitors of these
metalloproteins that bind directly to the active site containing
metal ions. In this paper, they describe the synthesis and
preliminary biological evaluation of amino acid derivatives
as new zinc binding groups (ZBGs). The incorporation of
selected metal-binding functions in more complex biphenyl
sulfonamidemoieties allows the identification of a compound
able to interact selectively with different MMP enzymatic
isoforms. These results disclose new potential strategies to
inhibit cancer metastasization processes.

In conclusion, the present special issue represents, in our
opinion, an exciting, insightful observation into the state
of the art, as well as emerging future topics, in this impor-
tant interdisciplinary field. Peptides and proteins of natural
sources and their synthetic derivatives can represent an

important armamentariumwith still unexplored potentials in
the treatment of human cancers. The research in this specific
field is stronglywarranted in order to optimize cancer therapy
and in order to increase the hopefully requests of the cancer
patients.

Paola Stiuso
Michele Caraglia
Giuseppe De Rosa
Antonio Giordano
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The resistance of growing human colon cancer cells to chemotherapy agents has been correlated to endogenous overexpression
of stress proteins including the family of heat shock proteins (HSPs). Previously, we have demonstrated that a quinone-based
mimetic dipeptide, namedDTNQ-Pro, induced differentiation of growing Caco-2 cells through inhibition of HSP70 andHSP90. In
addition, our product induced a HSP27 and vimentin intracellular redistribution. In the present study, we have evaluated whether
a decrease of stress proteins induced by DTNQ-Pro in Caco-2 cells could sensitize these cells to treatment with 5-fluorouracil (5-
FU) cytotoxicity. The pretreatment of Caco-2 with 500 nM of DTNQ-Pro increases lipid peroxidation and decreases expression
of p38 mitogen-activated protein kinase (MAPK) and FOXO3a. At the same experimental conditions, an increase of the 5-FU-
induced growth inhibition of Caco-2 cells was recorded. These effects could be due to enhanced DTNQ-Pro-induced membrane
lipid peroxidation that, in turn, causes the sensitization of cancer cells to the cytotoxicity mediated by 5-FU.

1. Introduction
Adenocarcinoma cells, such as colorectal cancer (CRC)
cells, are remarkably resistant to radiation or chemotherapy-
induced damage. As a consequence, the tumours are hard
to treat and often proliferate rapidly, even under conditions
that may adversely affect normal cells. For several years, 5-
fluorouracil (5-FU), a pyrimidine antimetabolite, has been
the drug of choice for the treatment of CRC as well as head
and neck, pancreatic, and breast carcinomas. 5-FU is known
to block DNA synthesis by the inhibition of thymidylate syn-
thase (TS), which is regulated by cell cycle proteins controlled
by phosphorylation [1]. Unfortunately, many of the schedules
based upon 5-FU alone or in combination with other agents
become ineffective during the course of the treatment due to
the occurrence of drug resistance to 5-FU. Between several
survival pathways activated in cancer cells to antagonize the

antiproliferative activities of antineoplastic agents [2–4]. The
mechanisms underlying the survival advantage can also be
partially related to the increased expression of stress proteins
[5, 6]. In fact, in contrast to normal cells, the basal levels of
inducible heat shock proteins (HSPs) are frequently higher
in tumour cells [7, 8]. The high expression of members of
the HSP family in CRC cells has been associated with both
metastases and resistance to chemotherapy. Moreover, in
experimental models, HSP27 and HSP70 have been shown
to increase tumorigenicity of cancer cells, and HSP depletion
can induce a spontaneous regression of the tumour [9–
11]. Recent data provide direct evidence on the association
betweenHSP27 protein expression levels and 5-FU sensitivity
in Caco-2 cells. In fact, the suppression of HSP27 expression
in these cells may promote 5-FU sensitivity by inducing
apoptosis, despite the acceleration in 5-FU metabolism [12].
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HSP27 has been also implicated in a wide range of cell
functions including cell protection, differentiation, and cell
proliferation [13–15]. Moreover, HSPs are often associated
with specific lipids or particular membrane areas (such as
lipid rafts). In this light, changes of membrane physical
state alter HSP gene expression [16–18]. The correlation
between HSPs and control of cell proliferation is demon-
strated by the fact that they are targets of important cell
growth regulators such as mitogen-activated protein kinases
(MAPKs) [19]. Moreover, the latter can be modulated by
HSP multichaperone complex that protects MAPKs from
proteasome-mediated degradation [20]. In addition, it has
been reported that the inhibition of the multichaperone
complex can sensitize cancer cells to agents raised against
ERK-mediated pathways [21].

In mammalian cells, there are three well-characterized
subfamilies of MAPKs: the extracellular signal-regulated
kinases (ERK), the c-Jun N-terminal kinases (JNK, also
known as the stress-activated protein kinases), and the
p38 MAPK kinases. Each MAPK is activated through a
specific phosphorylation cascade. ERK pathway is activated
in response to growth factors, conferring a survival advantage
on cells [22]. In contrast, JNK and p38 MAPK are activated
in response to a variety of environmental stressors and
inflammatory cytokines, which are frequently associatedwith
the induction of apoptosis [23, 24]. Moreover, it was demon-
strated that the p38 MAPK-Hsp27 axis plays an essential
role in cancer stem cells-mediated Cis-platinum resistance
in oral cancer [25]. Therefore, the development of specific
modulators of HSP expression could be desirable either to
shed further light on the functional roles of these important
proteins in cell survival and in cell death or to further develop
new clinically useful antitumour drugs.

In our previous report [26], we have demonstrated that
DTNQ-Pro, a quinone-based pentacyclic derivative, modu-
lated cellular redox status inducing cell cycle arrest and differ-
entiation and, finally, driving cells to programmed cell death.
Moreover, after 48 h of DTNQ-Pro treatment a decrease
of mitochondrial superoxide anion induced by manganese
superoxide dismutase (MnSOD) was recorded in Caco-2
cells. This effect was followed by a subsequent decrease of
HSP70 expression and an increased membrane lipid per-
oxidation. The oxidative damage of the membrane induced
a redistribution of both HSP27 and vimentin and forced
Caco-2 cells to differentiate into enterocytes. On the other
hand, the second treatment with DTNQ-Pro activated the
apoptotic pathway. The ability of DTNQ-Pro to shift the
undifferentiated Caco-2 cells to differentiated enterocytes
and then undergo a process of programmed cell death
strongly suggests that this compound should be addition-
ally investigated for its potential use in new combination
chemotherapy for colon cancer. The goal of the present
study was to determine if the pretreatment with DTNQ-
Pro can modulate the cytotoxic response of Caco2 cells to
fluorouracil (5-FU) and assess the potential mechanisms
underlying such modulation. In this report, we showed that
increased Caco-2 cell differentiation by pretreatment with
DTNQ-Pro enhanced the cytotoxic response of human colon
carcinoma cells to 5-FU by modulating the expression of

molecules that are associated with either drug sensitivity or
resistance.

2. Material and Methods

2.1. Cell Cultures. Human colon adenocarcinoma Caco-2
cells (American Type Culture Collection, Rockville, MD,
USA) were grown at 37∘C in h-glucose MEM containing:
1% (by vol) nonessential amino acids and supplemented
with 10% (by vol) decomplemented fetal bovine serum
(FBS) (Flow, McLean, VA, USA), 100U⋅mL−1 penicillin,
100mg⋅mL−1 streptomycin, 1% L-glutamine, and 1% sodium
pyruvate. Cells were grown in six multiwell plates (17–21
passages) in a humidified atmosphere of 95% air/5% CO

2
at

37∘C. After incubation for 4 h in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FBS, the cells were washed with
1% phosphate-buffered saline (PBS) to remove unattached
dead cells and were incubated with 500 nM concentration
of DTNQ-Pro for 48 h (D-Caco-2). All experiments were
performed in triplicate.

2.2. Evaluation of Growth Inhibition of D-Caco-2 Cells. We
assessed the sensitivity of the to 5-FU using a microplate
colorimetric assay that measures the ability of viable cells
to transform a soluble tetrazolium salt (MTT) [27] to an
insoluble purple formazan precipitate. D-Caco-2 cells were
plated at the appropriate density in 96-well microtitre plates.
After 4 h, cells were exposed to different concentration (0–
200𝜇M) of 5-FU for 48 h. 50mL of MTT (1mg⋅mL−1) and
200mL of medium were added to the cells in each well.
After a 4 h incubation at 37∘C, the medium was removed;
then the formazan crystals were solubilized by adding 150mL
of DMSO and by mixing it in an orbital shaker for 5min.
Absorbance at 550 nm was measured using a plate reader.
Experiments were performed in triplicate. The percent inhi-
bition of the treated cells was calculated by the following
formula:

% Inhibition =
A
550

treated
A
550

CTR
. (1)

2.2.1. Alkaline Phosphatase (ALP) Activity Evaluation. ALP
activity was used as marker of the degree of differentiation
of D-Caco-2 cells. Attached and floating cells were washed
and lysed with 0.25% sodium deoxycholate, essentially as
described by Herz et al. [28]. ALP activity was determined
using Sigma Diagnostics ALP reagent (no. 245). Total cel-
lular protein content of the samples was determined in a
microassay procedure as described by Bradford [29] using
the Coomassie protein assay reagent kit (Pierce). ALP activity
was calculated as units of activity per milligram of protein.

2.3. Lipid Peroxidation Assay. Lipid peroxidation was eval-
uated using an analytical quantitative methodology. It relies
upon the formation of a coloured adduct produced by the
stechiometric reaction of aldehydes with thiobarbituric acid
(TBA). The thiobarbituric acid reactive substances (TBARS)
assay was performed on membranes extracted from cells,
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using an icecold lysis buffer (50mM Tris, 150mM NaCl,
10mM EDTA, 1% Triton) supplemented with a mixture
of protease inhibitors. The homogenate was centrifuged at
1200 g for 10min in order to separate cytosol (supernatants)
from membranes (pellet). The pellet was dissolved in 50mM
Tris, 150mM NaCl, and 10mM EDTA, and the protein con-
tent of the samples was determined by Bio-Rad assay (Bio-
Rad Laboratories, San Diego, CA, USA). Aliquots (10mL)
of the membrane preparation were added to 2mL of TBA-
trichloroacetic acid (TCA) (15% TCA, 0.3% TBA in 0.12N
HCl) solution at 100∘C for 30min. The reaction was stopped
by cooling the sample in coldwater, and, after a centrifugation
at 15 000 g for 10min, the chromogen (TBARS)was quantified
by spectrophotometry at awavelength of 532 nm.The amount
of TBARS was expressed as mM⋅mg−1 proteins. All data are
the mean ± SD of three experiments.

2.4. Western Blot Assay. The effects of DTNQ-Pro on expres-
sion of HSP90, p38, p38, and FOXO3a were determined
by Western blots. The cells lysates were prepared using an
ice-cold lysis buffer (50mM Tris, 150mM NaCl, 10mM
EDTA, 1% Triton) supplemented with a mixture of pro-
tease inhibitors containing antipain, bestatin, chymostatin,
leupeptin, pepstatin, phosphoramidon, pefabloc, EDTA, and
aprotinin (Boehringer, Mannheim, Germany). Equivalent
protein samples were resolved on 8%–12% sodium dodecyl
sulphate-polyacrylamide gels and transferred to nitrocellu-
losemembranes (Bio-Rad, Germany). For immunodetection,
membranes were incubated overnight with specific antibod-
ies at the concentrations recommended by the manufacturer.
All antibodies were diluted in Tris buffered saline/Tween
20–1% milk powder. This step was followed by incubation
with the corresponding horseradish peroxidase conjugated
antibody (anti-mouse IgG 1 : 2000, anti-rabbit IgG 1 : 6000,
Biosource, Germany). Bands were analysed by enhanced
chemiluminescence (ECL kit, Amersham, Germany).

3. Results

3.1. Cytotoxic Effects Induced by 5-FU on Growing D-Caco-
2 Cells. Previously, we have shown the biochemical events
elicited by DTNQ-Pro, a mimetic peptide, in growing human
colon adenocarcinoma cells. Undifferentiated Caco-2 treated
for 48 h with 500 nM DTNQ-Pro presented an increased
membrane lipid peroxidation and a redistribution of both
HSP27 and vimentin [26]. Moreover, growing Caco-2 cells
differentiate into enterocytes. Here the effect of conventional
cytotoxic agent 5-FU was studied on exponentially growing
pretreated DTNQ-Pro Caco-2 cell lines (D-Caco-2). Cells
were treated for 48 hwith 500 nMDTNQ-Pro and, thereafter,
different concentrations of 5-FU (0–200𝜇M) were added to
the cells for 48 h. In exponentially growing cells, pretreat-
ment with DTNQ-Pro potentiated the cell growth inhibition
observed with 5-FU alone (Figure 1). As shown in Table 1, for
growing Caco-2 cells, the concentration of 5-FU (46 𝜇M) that
induced 50% of growth inhibition (IC:50) was reduced about
30-fold in D-Caco-2 (1.2 𝜇M). All successive experiments
were performed on Caco-2 cell, treated for 48 h with 500 nM
DTNQ-Pro (D-Caco-2).

0

25

50

75

100

In
hi

bi
tio

n 
(%

)

0−2.5−5−7.5−10

D-Caco-2

Caco-2

log[5-FU] (M)

Figure 1: Sensitivity of the D-Caco-2 cells the to 5-FU. Both Caco-
2 and D-Caco-2 cells were plated in 96-well microtitre plates at
the density of 3 × 103 cells/plate. After 4 h, cells were exposed to
different concentration (0–200 𝜇M)of 5-FU for 48 h.Thepercentage
of inhibition was calculated with the formula reported in methods.
Experiments were performed in triplicate.

Table 1: IC50 5-FU values (micromolar) in growing human colon
carcinoma cell lines with or without DTNQ-Pro pretreatment.
Values represent means ± SEM (𝑛 = 8), 𝑃 < 0.05.

IC:50 on Caco-2 IC:50 on D-Caco-2
5-FU 46 𝜇M 1.2𝜇M

3.2. 5-FU Increases Cell Cycle Arrest and D-Caco-2 Differenti-
ation. 5-FU is an antimetabolite known to specifically block
cells in S phase. To elucidate whether 5-FU treatment of D-
Caco-2 determined cell cycle perturbation, we analysed the
percentage cell cycle by FACS analysis. Cell cycle analysis of
Caco-2 and D-Caco-2 cells revealed a percentage of cells of
54 ± 4 and 42 ± 6% in G0/G1 phase, 35 ± 5 and 47 ± 5% in S
phase, and 11 ± 1% and 11 ± 2% in G2/M phase, respectively
(Figure 2). The additional treatment of the cells with 500 nM
5-FU showed a significant (𝑃 < 0.014) accumulation of
D-Caco-2 cells (56%) in S phase if compared to Caco-2
(45%) and a concomitant G0/G1 phase decrease (33%) if
compared to Caco-2 cells (44%). As cell division arrest is
one of the biological effects required for cell differentiation
[30], we determined the effect of DTNQ-Pro on D-Caco-2
differentiation. In Figure 3(b) it is shown that ALP activity,
as a marker of differentiation into enterocytes, correlated
to postconfluent phase [31]. ALP activity was about 3-fold
increased (𝑃 < 0.001) only in D-Caco-2 cells treated with
500 nM 5-FU while it remained unaltered in the other cases.

3.3. Lipid Peroxidation andCatalase Activity inD-Caco-2 Cells
after 5-FU Treatment. In Figure 3 we reported the values of
both TBARS, as lipid peroxidation markers [32], and catalase
activity, as scavenger enzyme, in both Caco-2 and D-Caco2
cells treated with 500 nM 5-FU. The incubation of Caco-2
cells with 5-FU determined a statistically significant decrease
of TBARS values (𝑃 < 0.0015)with a concomitant increase of
the catalase activity (𝑃 < 0.0124). In the D-Caco-2 the basal
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Figure 2: (a) Effects of 5-FU on the distribution of Caco-2 and D-
Caco-2 cells populations. Data represent the percentage of cells in
each phase of the cell cycle. Cell cycle distribution was determined
by DNA flow cytometric analysis. Samples from preconfluent Caco-
2 and D-Caco2 cells was analysed after 48 h of treatment with
500 nM 5-FU. Numbers indicate percentage of cells in G0/G1, S
and G2/M phases. Data are representative of four separate analyses.
(b) Differentiation effects of 5-FU of Caco-2 and D-Caco-2. The
differentiation was assessed by measurement of ALP activity after
48 h of culture with 500 nM of 5-FU. Summary data shown are
means ± SEM (𝑛 = 4; ∗∗∗𝑃 < 0.001).

levels of TBARS and catalase activity were 1.6-fold and 0.5-
fold higher, respectively, than those recorded in Caco-2 cells.
No changes were observed in both TBARS values and catalase
activity when theD-Caco-2 cells were incubatedwith 500 nM
of 5-FU.

3.4. Evaluation of the Expression of Molecular Factors Involved
in the Tumour Cell Resistance to 5-FU. We have evaluated,
in D-Caco2 cells, the effects of 5-FU treatment on the
expression of FOXO-3a, HSP90 and p38 MAPK proteins
that are involved in mechanisms of cell resistance to 5-FU.
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Figure 3: Effect of 5-FU D-Caco-2 treatment on TBARS. The cells
were seeded in six multiwell plates at the density of 25 × 104
cells/plate andwere incubated for the first 48 hwith 500 nMDTNQ-
Pro (D-Caco-2) the cells were washed to remove unattached dead
cells and were incubated with and without 500 nM of 5-FU for
subsequently 48 h. (a) TBARS levels in Caco-2 (CTR) and D-Caco-
2 cells after 48 h of incubation without and with 500 nM 5-FU; (b)
catalase activity. Catalase activity in Caco-2 (CTR) and D-Caco-2
cells after 48 h of incubation without and with 500 nM 5-FU. The
bars represent means ± SEM of three independent experiments.
Asterisks indicate significant difference between the D-Caco-2-
treated samples compared with control value ∗∗𝑃 < 0.003; ∗𝑃 <
0.05; n.s.: not significant.

Western blot and densitometric analysis of HSP90, FOXO-
3a, and p38 MAPK in Caco2 after DTNQ-Pro treatment is
shown in Figure 4. The Caco-2 cells expressed high levels of
Hsp90, and this expression was 0.5-fold lower in D-Caco2.
Furthermore DTNQ-Pro Caco-2 treatment induced about
0.5-fold decrease of both p38 and FOXO-3a expression. On
the other hand, 5-FU induced about 3- and 2-fold increase
of Hsp90 levels in Caco-2 and D-Caco-2 cells, respectively;
moreover 5-FU weakly increased the expression of FOXO-3a
and p38 in D-Caco-2 cells.
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Figure 4: Expression of Foxo3a, p38, and HSP90 in Caco-2 and D-
Caco-2 cells treated for 48 h with 5-FU. The cells were incubated
with 500 nM of 5-FU, and the protein expression was evaluated by
Western blotting. All the experiments were performed at least three
times with similar results. The graphs show the summary data (as %
of expression in untreated cells), normalized to 𝛾-tubulin expression
after 48 h of treatment with 5-FU. Data shown are means ± SEM
(𝑛 = 4; ∗𝑃 < 0.05, ∗∗𝑃 < 0.003).

4. Discussion

Previously, we showed that DTNQ-Pro acts on twomajor tar-
gets involved in the resistance of CRC cells to chemotherapy
agents: the process of cell differentiation and overexpression
of HSP family proteins [26]. We have demonstrated that
DTNQ-Pro induced cell membrane modifications by redis-
tribution of HSP27 and vimentin within the cell. Moreover,
DTNQ-Pro inhibited the growth by inducing S phase cell
cycle arrest and increased cellular differentiation.

In the present study, we show that DTNQ-Pro, a mimetic
dipeptide, sensitizes human CRC cells to the conventional
chemotherapy agent 5-FU. Exposure of Caco-2 cells to
DTNQ-Pro induced a hydrogen peroxide (H

2
O
2
) increase

due to decreased catalase activity. At the same time, an
increased rate of lipid peroxidation was recorded as evaluated
by TBARS production. Lipid peroxidation occurred together
with cell differentiation as demonstrated by the increased
ALP activity. The treatment of D-Caco-2 cells with 5-FU

caused an additional increase of both ALP activity and cell
accumulation in S phase, while no increase of catalase activity
or antagonism on TBARS values was recorded. Pretreatment
of growing Caco-2 cell lines with 500 nM of DTNQ-pro (D-
Caco2) induced also a decrease of FOXO3a protein expres-
sion with a consequent downregulation of D-cyclin (data not
shown) and an accumulation of Caco-2 cells in the S-phase of
the cell cycle. In fact, FOXO transcription factors [33] regulate
the expression of antioxidants enzymes such as SOD and
Catalase but, in addition to regulation of antioxidants, Foxo is
also involved in the transcriptional upregulation of cell cycle
inhibitors, including p21, p27, and p130, and downregulation
of D-type cyclins. Therefore, our data demonstrate that S
phase accumulation occurred together with regulation of
transcriptional factors that are involved in the regulation of
cell cycle.

5-FU is known to block DNA synthesis by the inhibition
of thymidylate synthase (TS), which is regulated by cell cycle
proteins controlled by phosphorylation [1]. Increased TS
expression in tumors is an underlying mechanism by which
tumor cells can escape from the toxic effect of 5-FU and
become drug resistant [34]. In fact, the increased expression
of the target is a generalized mechanism of resistance of
tumour cells to antitumour agents determining an increase
of the drug concentration needed to inhibit the molecular
target.

DTNQ-Pro induces both cell accumulation in S phase
and differentiation, with a probable decrease in the de
novo DNA synthesis. On the basis of these considerations,
we hypothesize that the level of TS expression could be
reduced and this reduction may be directly responsible for
the increase in sensitivity to 5-FU. Finally, we have found
that DTNQ-Pro reduced HSP90 and p38 MAPK proteins.
Hsp90 is a ubiquitous cellular protein and its function as a
molecular chaperone is vital for cell survival [35] while p38
kinase is a final mediator of stress-induced pathways. We
hypothesize that the increased responsiveness to 5-FU of D-
Caco-2 could be attributed to (i) block of cell cycle in S phase
and differentiation, (ii) decrease of HSP90 and p38 MAPK
protein that can, in turn, promote the antiproliferative effects
of 5-FU, and (iii) decreased expression of the 5-FU target.
Our data provide evidence that DTNQ-pro is a promising
chemotherapeutic agent that increases the chemosensitivity
of growing adenocarcinoma colon cancer cells to 5-FU
treatment.
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A number of matrix metalloproteinases (MMPs) are important medicinal targets for conditions ranging from rheumatoid arthritis
to cardiomyopathy, periodontal disease, liver cirrhosis, multiple sclerosis, and cancer invasion and metastasis, where they showed
to have a dual role, inhibiting or promoting important processes involved in the pathology. MMPs contain a zinc (II) ion in the
protein active site. Small-molecule inhibitors of these metalloproteins are designed to bind directly to the active site metal ions.
In an effort to devise new approaches to selective inhibitors, in this paper, we describe the synthesis and preliminary biological
evaluation of amino acid derivatives as new zinc binding groups (ZBGs).The incorporation of selected metal-binding functions in
more complex biphenyl sulfonamide moieties allowed the identification of one compound able to interact selectively with different
MMP enzymatic isoforms.

1. Introduction

Matrix metalloproteinases (MMPs) are 23-member zinc-
dependent endopeptidases family involved in the extracel-
lular matrix turnover [1]. Their aberrant regulation has been
implicated in tumoral process, where they showed to have
a dual role inhibiting or promoting cell growth and sur-
vival, angiogenesis and metastasis [2, 3] differentiation [4],
and inflammation and immune surveillance [5]. Moreover,
MMPs are overexpressed in a variety of tumor types, and
their overexpression is associated with tumor aggressiveness
and poor prognosis [6]. The specific alteration of the MMPs
in malignant tissues and their participation in some of
the major oncogenic mechanisms have both fuelled interest
in the design and evaluation of MMP inhibitors (MMPIs)
as anticancer agents [7, 8]. Generally, the MMPIs design

involves peptide or peptidomimetic backbones containing
a zinc-binding group (ZBG) able to interact with both the
subpockets surrounding the active site (S

1
and S
1

, S
2

, and S
3

)
and the zinc (II) ion present in the catalytic site, respectively
[9, 10]. The greater part of MMPIs research has focused
on developing the peptide or peptidomimetic containing a
hydroxamic acid as chelating group. Although this design
has produced potent inhibitors such as Batimastat [11, 12]
and Marimastat [13] (Figure 1), none of these MMPIs has
successfully completed clinical trials.

The inability of hydroxamates to produce clinically viable
compounds has been attributed to low oral availability, poor
in vivo stability, and undesirable side effects associated with
these compounds [14].This has prompted the investigation of
a limited number of nonhydroxamate-based MMPIs [15–19].
We present herein the results obtained with a small library
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Figure 1: Structures of Batimastat and Marimastat.
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Figure 2: Hypothetical interaction between ZBG and Zn2+.

of compounds synthesized and tested as potential ZBGs. The
compounds were selected on the basis of some similarities to
hydroxamates, such as the possibility to form five-member
chelates (Figure 2), but with potentially enhanced pharma-
cokinetic properties such as a better hydrolytic stability
and/or proposed increased affinity for the MMP zinc (II).

The designed ligands have a general 2-aminopropane-
1,3-disubstituted structure which might be visualized as an
amino acid derivative with the 𝛼 carbon atom connected
through two 𝛽 carbons to heteroatoms with lone pairs or
simply electron availability (R and R

1
). These functional

groups are sulfhydryl (SH), alcohol (OH), imidazole, cyano
(CN), and azide (N

3
) which are able to interact as Lewis-base

in the coordination of the catalytic zinc ion.Their symmetric
and asymmetric combination gave rise to a small ZBGs
library (Table 1).The two 𝛽 carbons rotational freedom could
allow the chelating groups R and R

1
to orient themselves as

better as possible in direction of the zinc ion.
According to the preliminary results of enzymatic inhi-

bition activities, we further synthesized, from the most
interesting ligands, a small series of sulfonamide derivatives
containing a phenoxyphenyl group. This moiety has been
widely used in the design of MMPs inhibitors as side chain
of choice able to interact with the enzymatic S

1

subsite
which plays a pivotal role in the determination of inhibition
selectivity [20, 21]. The aims of the current study were to
screen a range of nonhydroxamate structures as new ZBGs
and to evaluate the enzymatic activity of small molecules
designed to interact with the subpocket S

1

and with the zinc
(II) ion present in the catalytic site of MMPs.

Table 1: Synthesized ZBGs library.

Compounds R R
1

NH
2

R
1

R

1a OH OH
1b CN CN
1c N3 N3

1d SH OH
1e Imidazole OH
1f SH SH
1g Imidazole SH
1h SH CN
1i OH CN
1j SH N3

1k OH N3

1l Imidazole N3

NH2

OH OH

OH OH

NH2

CN CNCN CN

TFA

TFA

(Boc)2O

N3N3N3N3

NH2

OTs OTs

Tos-Cl

TEACN

NaN3

1a

2
4 1b

3 5 1c

NHBoc
NHBoc

NHBocNHBoc

Scheme 1: Synthesis of symmetric ZBGs 1a, 1b, and 1c.

2. Chemistry

The symmetric ligands were prepared starting from serinol
(1a) according to synthetic route shown in Scheme 1. After
N-Boc-protection, the alcohol groups of 2 were activated
as ditosylate derivatives in order to undergo nucleophilic
substitutionwith azide and nitrile salts.Thus, displacement of
the OTs group with tetraethylammonium cyanide (TEACN)
or sodium azide (NaN

3
) in DMF using TEA as base led

to 4 and 5, respectively, with 80%–82% yields. The final
symmetric derivatives 1b and 1c have been obtained after
deprotection of 2-amino group using a solution of 25% TFA
in dichloromethane.

The ditosylation reaction was the limiting step in this
synthetic strategy, described in the literature using pyridine
(py) as solvent [22]. In our case, the treatment of 2 with 4-
toluenesulfonyl chloride in pyridine led to ditosylate deriva-
tive 3 in only 2% yield. A preliminary study of the influence
of solvents, reaction time, and reactive/base concentration
ratio on this reaction was performed in order to (a) improve
yields and mono/ditosylate adduct ratio; (b) facilitate work-
up procedures; (c) use a less toxic solvent.
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Table 2: Study on ditosylation reactionof N-Boc-serinol (2).

Entry Solvents Reaction time TsCl : TEA Yields
(%)

Mono/di
ratio

1 Py 6 h 2.4 : 3 29 10 : 1
2 Py 10 h 3 : 4 40 10 : 1
3 Py, DMAP cat 6 h 3 : 4 31 10 : 1
4 DCM, Py cat 6 h 2.4 : 3 53 5 : 1
5 DCM, Py cat 10 h 3 : 4 45 5 : 1
6 DCM 6h 3 : 4 55 1 : 1
7 dry DCM 10 h 3 : 4 68 1 : 2
8 dry DCM 10 h 2.4 : 3 85 1 : 19

As shown in Table 2, treatment of 2 with Tos-Cl and
TEA in 2.4 : 3 ratio gave the highest yields (85%) and better
selectivity (1 : 19) in the formation of ditosylate derivative 3
using dry dichloromethane as solvent (entry 8). Pyridine or
pyridine with dimethylaminopyridine as base catalyst gave
low yields with a little percentile of dialkylation product
(entries 1, 2, and 3), while DCM as solvent was more effective
without base catalyst (entries 6, 7, and 8 versus entries 4 and
5).

The symmetric and asymmetric ligands, 1f and 1d, 1e, and
1g–1l, respectively, were prepared according to the synthetic
route shown in Scheme 2.

Protected amino acids Boc-Cys(Trt)-OH (6), Boc-
Ser(OtBu)-OH (7), and Boc-His(Boc)-OH (8) were reduced
to corresponding alcohols (9–11) using sodium borohydride
as we previously described [23]. Treatment of hydroxy
derivatives 9 and 11 with 20% TFA/DCM gave directly
the corresponding final asymmetric ligands 1d and 1e.
Analogously, reaction of hydroxyl derivatives with Tos-Cl
in DCM and TEA led to tosylate intermediates 14–16 which
were submitted to nucleophilic substitution reaction with
azide and nitrile salts in the previously mentioned conditions
to give the corresponding cyano (17,18) and nitrile (19–21)
derivatives. Loss of protective groups after treatment of
intermediates 12–21 with 50% TFA/DCM solution conduced
to final compounds 1f–1l.

Finally, the N-substituted phenoxybenzensulfonamide
25a, 25d, and 25e were prepared according to synthetic
route of Scheme 3. The sulfonation of diphenylether 22
with chlorosulfonic acid (ClSO

3
H) and afterward chlori-

nation with thionyl chloride (SOCl
2
) afforded the key 4-

phenoxybenzensulfonyl chloride 24 with 95% overall yields.
The coupling of 24 with 1a, 1d, and 1e in DMF and cesium
carbonate (Cs

2
CO
3
) gave directly the corresponding final

compounds in 42%–55% yields.
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Table 3: Enzymatic inhibition of MMP-2 by 2-amino-1,3-disubsti-
tuted derivatives 1a–1l.

Compounds R R
1

IC50 (𝜇M ± SD)

O

N
H

OH

AHA

AHA 10000 ± 630

1a OH OH 280 ± 24

1b CN CN 560 ± 52

1c N3 N3 >1000
1d SH OH 674 ± 88

1e Imidazole OH 450 ± 23

1f SH SH 666 ± 90

NH
2

R
1

R
1a–1l

1g Imidazole SH 300 ± 41

1h SH CN 500 ± 49

1i OH CN 807 ± 98

1j SH N3 520 ± 57

1k OH N3 520 ± 49

1l Imidazole N3 480 ± 25

3. Enzymatic Inhibition Assays

The synthesized ZBGs, compounds 1a–1l, were tested against
the catalytic domain of MMP-2 in order to evaluate their
chelating capability with respect to acetohydroxamic acid
(AHA)which was considered a representative of the standard
hydroxamate chelator. All the examined compounds exhib-
ited a higher inhibitory activity compared to AHA (Table 3).
The enzymatic assays revealed that the most interesting
compounds are the serinol 1a and the asymmetric ligands 1e
and 1g, containing both an imidazole group and an alcohol
or a thiol group, respectively. Surprisingly, the cysteinol 1d,
despite the well-known zinc thiophilicity, showed a lower
enzymatic activity with IC

50
value of 674𝜇M.

On the basis of these data, we selected the most active lig-
ands 1a and 1e to be incorporated as ZBG in a more complex
structure. The ligands were linked, through a sulfonamide
bind, with a phenoxyphenyl group, described in the literature
for its well-validated affinity for the S

1

enzymatic subpocket
[10, 24]. A third ligand 1d, less active, was also chosen in
order to evaluate the real influence of ZBG group alone in
the enzymatic activity.

Compounds 25a, 25d, and 25ewere tested against human
recombinants MMP-1, MMP-2, MMP-8, and MMP-9 by a

Table 4: Enzymatic activity of N-substituted phenoxybenzensul-
fonamide 25a, 25d, and 25e on different MMPs.

O

S

H
N R

1

RO
2

Com. R R
1

IC50 (𝜇M ± SD)
MMP-1 MMP-2 MMP-8 MMP-9

25a OH OH 1030 ± 160 71 ± 1.9 98 ± 8.0 160 ± 15
25d SH OH 819 ± 116 110 ± 10 9.1 ± 2.3 12 ± 4.0
25e Imidazole OH 480 ± 30 190 ± 8.7 330 ± 21 200 ± 15

fluorometric assay, and the obtained IC
50

values are sum-
marized in Table 4. Compound 25a exhibited an interesting
inhibitory activity on MMP-2 and MMP-8, two enzymatic
isoforms characterized by an intermediate and a deep S

1

subpocket, respectively [25–28].This compound showed also
a good selectivity overMMP-1 which has a shallow S

1

pocket.
The substitution of a hydroxyl with an imidazole group,
compound 25e, caused a loss of both potency (except on
MMP-1) and selectivity on the enzymes used in this study.The
most interesting results were obtained with compound 25d.
This compound showed a high inhibitory activity on MMP-
8 and MMP-9 with IC

50
values in the micromolar range (10-

and 13-fold more potent than 25a, resp.) and maintained a
good selectivity over both MMP-2 and MMP-1.

These preliminary results showed a different behaviour
of ZBGs when they are introduced into a more complex
structure indicating that, in this case, the modulation of
selectivity does not depend only on ZBGs [29].

4. Molecular Modeling

In order to rationalize the observed activity data, docking
calculations of the ZBGs and compounds 25a, 25d, and 25e
were performed on the MMP-2 catalytic domain. Subse-
quently, they were submitted to a refinement step, thorough
minimization of best poses. The applied protocol allowed
to correlate predicted and experimental binding energies.
It is well known that docking scores hardly correlate with
activity data, and to this aim, more accurate calculations
are required such as Free Energy Perturbation or Thermo-
dynamic Integration. Among available approaches, Linear
Interaction Energy (LIE) represents a good compromise
between accuracy and speed of calculations [30, 31]. In
this approach, the binding process is represented as the
replacement of water molecules solvating a ligand by the
protein, using an implicit water model.

LIE generates a custom scoring function calculating the
values of alpha, beta, and gamma coefficients of the following
equation:

Delta 𝐺 = alpha ∗ (𝑈 vdw 𝑏 − 𝑈 vdw 𝑓)

+ beta ∗ (𝑈 elec 𝑏 − 𝑈 elec 𝑓)

+ gamma ∗ (𝑈 cav 𝑏 − 𝑈 cav 𝑓) ,

(1)
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Ala165

Glu202

Pro221

(a)

Ala165

Glu202

Pro221

(b)

Figure 3: Docked poses of 1a (a) and 1e in both enantiomeric forms (b) into the MMP-2 active site. MMP-2 is represented as a grey cartoon.
Ligands and most relevant residues are depicted as sticks. H-bonds are represented as green dashed lines.

Table 5: Predicted and calculated binding energy (kcal) for all
compounds toward MMP-2.

Compound Δ𝐺 exp Δ𝐺 calc (R-model) Δ𝐺 calc (S-model)
1a −4.837 −4.628 −4.484
1b −4.428 −4.734 −4.619
1c —a —a —a

1d R
−4.319 −4.512

1d S −4.492
1e R

−4.565 −4.395
1e S −4.614
1f −4.333 −4.538 −4.592
1g R

−4.796 −4.583
1g S −4.739
1h R

−4.497 −4.421
1h S −4.303
1i R

−4.210 −4.391
1i S −4.379
1j R

−4.469 —a —a

1j S −4.511
1k R

−4.469 −4.237
1k S −4.513
1l R

−4.524 −4.624
1l S −4.338
25a −5.655 −5.506 −5.326
25d R

−5.396 −5.349
25d S −5.279
25e R

−5.069 5.179
25e S −5.378

aNo suitable docking poses were found.

where Delta𝐺 is the calculated binding energy;𝑈xxx 𝑏 is the
van derWaals, Coulombic, and Cavity energy terms from the
bound state; 𝑈xxx 𝑓 is the van der Waals, Coulombic, and
Cavity energy terms from the free state.

LIE method applied to our ligands provided a statistically
significant correlation between calculated and experimental
data, underpinning the validity of predicted docking poses
(Table 5).

Table 6: Statistical parameters for LIE R-model and S-model.

Model 𝑅2 SD 𝐹 𝑃 𝑅2cv
R-model 0.813 0.218 13.1 0.00125 0.64
S-model 0.751 0.242 10.0 0.00232 0.511

It is worth noting that chiral compounds under study
were synthesized and tested as racemic mixture. Conse-
quently, all calculations were carried out for all enantiomers,
and quantitative models were generated for both R (R-
model) and S forms (S-model) separately. Obtained Δ𝐺
values indicate that the R-model works slightly better than the
S-model in predicting activity, as demonstrated by statistical
correlation values (Table 6); however, the S-model is able to
predict the binding energy with acceptable approximation
indicating that experimental activity can be due to the
contribution of both enantiomers.

This result is confirmed from the analysis of fragments
docking poses in fact that no relevant differences can be
observed in the binding of enantiomeric forms of chiral
compounds, in the MMP-2 active site.

Moreover, differently than expected, just ligand 1a is able
to chelate the zinc ion, providing an explanation of the
higher activity observed for this compound. Other fragments
give a monodentate binding of the catalytic zinc, and the
other electron donating group is usually involved in H-bond
interactions with surrounding residues, such as the Pro221
carbonyl oxygen (e.g., 1d), except for compounds containing
the imidazole ring (e.g., 1e), involved in a 𝜋-𝜋 stacking with
the His201 side chain, which represents one of the main
interactions formed by MMPIs in the S

1

pocket (Figure 3).
This behavior can be attributed to the strict geometrical
requirements, which must be fulfilled by chelating group
around the zinc ion in MMPs active site.

The binding of sulfonamide derivatives 25a, 25d, and
25e was studied as well through docking calculation and
subsequent refinement as previously described on MMP-1,
-8, and -9 (Table 7). No statistical correlations are provided in
these cases because of the few available data. Docking results
show all ligands occupying the S

1

site, except for MMP-1.
This isoform, in fact, is known for having a short S

1

pocket,
unable to accommodate the large biphenylether portion of
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Table 7: Predicted and calculated binding energy (kcal) for sulfonamide ligands toward MMP-1, -8, and -9.

Compound MMP-1 MMP-8 MMP-9
Δ𝐺 exp Δ𝐺 calc Δ𝐺 exp Δ𝐺 calc Δ𝐺 exp Δ𝐺 calc

25a −4.074 −4.098 −5.460 −5.532 −5.178 −5.168
25d R

−4.224 −4.247
−6.870 −6.504

−6.705 −6.840
25d S −4.176 −6.870 −6.528
25e R

−4.524 −4.527
−4.740 −4.365

−5.042 −4.970
25e S −4.522 −5.408 −5.165

Ala165

Glu202

Pro221

Leu164

(a)

Ala161

Glu198

Leu160

(b)

Figure 4: Docked poses of 25a into the MMP-2 active site (a) and 25d into MMP-8 active site (b). MMP-2 and MMP-8 are represented,
respectively, as a grey and dark grey cartoons. Ligands and most relevant residues are depicted as sticks. H-bonds are represented as green
dashed lines.

these ligands. The imidazole ring of compounds 25e, the
more active towards MMP-1, occupy the hydrophobic pocket
of this protein.

Binding mode of sulfonamide derivatives to the other
MMPs is well conserved, regardless of chirality: MMP-2, -8,
and -9 have a deep S

1

site able to locate the hydrophobic
biphenyl ether, whose proximal aromatic ring interacts with
the imidazole ring of His201, and the distal ring provides
hydrophobic interactions in binding pocket.The sulfonamide
moiety provides two H-bonds between a sulfone oxygen
and Ala165 and Leu164 NH (MMP-2 numbering) and the
sulfonamide NH and the Pro221 CO or alternatively Ala165
CO (Figure 4). Main differences are observed for the binding
of the ZBG; in MMP-2, the ZBG of 25amaintains the ability
to chelate the zinc ion.

This chelation, not observed in MMP-8 and -9, can
explain the higher activity observed for this ligand inMMP-2.

MMP-8 and -9 zinc ions coordinate all ligands in a
monodentate fashion with a similar geometry, similarly to
what observed for the ZBG in MMP-2. Therefore, as no
chelation is provided by the ZBG inMMP-8 andMMP-9, the
zinc thiophilicity seems to play a relevant role in determining
activity toward these isoforms.

5. Conclusion

Herein,we described the design, synthesis, inhibitory activity,
and molecular modeling studies of new non-hydroxamate-
based MMPIs. The adopted synthetic strategy enabled the
setting-up of a small ZBGs library through a simple and
easily accessible pool of reactions. The biological screening

of this library led to the identification of two ZBGs that were
incorporated in a more complex structure able to interact
with the S

1

enzymatic site.The biological data for compounds
25a and 25e confirmed the inhibition trend of the respective
ZBGs against MMP-2. Compound 25d, containing a less
potent chelating group (1d versus 1a and 1e), was equipotent
to 25a against MMP-2 and more potent than 25a against
MMP-8 andMMP-9 (10- and 13-fold, resp.). Molecular mod-
eling studies provided a rationalization of the experimental
data, suggesting a putative binding mode of studied ligands
in MMPs active site. These preliminary results indicate
the importance of testing and selecting firstly compounds
containing the minimums structural requirements necessary
for a specific biological activity. Furthermore, taking in
consideration the complex role of MMPs in the cellular and
tumoral homeostasis, the development of selective inhibitors
is desirable in order to shed further light on the protein
function, signalling pathways, and role in disease of different
MMPs [32–34]. Thus, compound 25d identified in this
preliminary study as MMP-8 and MMP-9 inhibitors could
be submitted to a rational process of hit optimization with
the aim to improve its potency and selectivity of action.
The introduction of these new fragments into different
peptide structures with the aim to synthesize selective MMPs
inhibitors and to explore their structure-activity relationships
is currently under study in our laboratory.

6. Experimental

6.1. MMP Inhibition Assays. Pro-MMP-1, pro-MMP-2, pro-
MMP-8, and pro-MMP-9 were purchased from Calbiochem.
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Proenzymes were activated immediately prior to use with 𝑝-
aminophenylmercuric acetate (APMA 2mM for 1 h at 37∘C
for MMP-2 and MMP-8, APMA 2mM for 2 h at 37∘C for
MMP-1, and APMA 1mM for 1 h at 37∘C for MMP-9). For
assay measurements, the inhibitor stock solutions (10mM in
DMSO) were further diluted, at seven different concentra-
tions (0.01 nM–200𝜇M) for each MMP in the fluorometric
assay buffer (FAB: Tris 50mM, pH = 7.5, NaCl 150mM,
CaCl
2
10mM, Brij 35 0.05%, and DMSO 1%). Activated

enzyme (final concentration 0.56 nM for MMP-2, 1.3 nM for
MMP-9, 1.5 nM for MMP-8, and 2.0 nM for MMP-1) and
inhibitor solutions were incubated in the assay buffer for
4 h at 25∘C. After the addition of 20𝜇M solution of the
fluorogenic substrate Mca-Lys-Pro-Leu-Gly-Leu-Dap(Dnp)-
Ala-Arg-NH

2
(Bachem) for all the enzymes in DMSO (final

concentration 2𝜇M), the hydrolysis was monitored every 15 s
for 15min recording the increase in fluorescence (𝜆ex =
325 nm; 𝜆em = 395 nm) using a Molecular Devices Spec-
traMax Gemini XS plate reader. The assays were performed
in triplicate in a total volume of 200𝜇L per well in 96-
well microtiter plates (Corning, black, NBS). The MMP
inhibition activity was expressed in relative fluorescent units
(RFUs). Percent of inhibition was calculated from control
reactions without the inhibitor. IC

50
was determined using

the formula: 𝑉
𝑖
/𝑉
𝑜
= 1/(1 + [I]/IC

50
), where 𝑉

𝑖
is the initial

velocity of substrate cleavage in the presence of the inhibitor
at concentration [I], and 𝑉

𝑜
is the initial velocity in the

absence of the inhibitor. Results were analyzed using SoftMax
Pro software and Origin software.

6.2. General. Reagents, starting materials, and solvents were
purchased from commercial suppliers and used as received.
Analytical TLC was performed on plates coated with a
0.25mm layer of silica gel 60 F254 Merck and preparative
TLC on 20 cm × 20 cm glass plates coated with a 0.5mm
layer of silica gel PF254Merck. Silica gel 60 (300–400 mesh,
Merck) was used for flash chromatography. Melting points
were determined by a Kofler apparatus and are uncorrected.
1H NMR and 13C NMR spectra were recorded with a
Varian-400 spectrometer, operating at 400 and 100MHz,
respectively. Chemical shifts are reported in 𝛿 values (ppm)
relative to internal Me

4
Si, and 𝐽 values are reported in hertz

(Hz). ESIMS experiments were performed on an Applied
Biosystems API 2000 triple-quadrupole spectrometer.

6.2.1. 2-(tert-Butyloxycarbonyl)-1,3-dihydroxypropane (2). To
a 25mL round-bottom flask, 2-aminopropane-1,3-diol 1a
(11mmol) (Sigma-Aldrich, 98%) was added and dissolved in
a 1 : 1 mixture water/1,4-dioxan (10mL). After few minutes,
di-tert-butyl dicarbonate (1.2 eq) and KOH until pH 8 were
added. The reaction was stirred for 48 h, washed with H

3
O+,

dried with Na
2
SO
4
, and evaporated under reduced pressure

(yield: 98%); 1H-NMR (400MHz, CDCl
3
) 𝛿 1.34 (s, 9H, Boc);

𝛿 3.59–3.63 (m, 1H, H-2); 𝛿 3.72–3.87 (m, 4H, H-1 and H-3);
𝛿 5.15 (bs, 1H, NHBoc)).

6.2.2. 2-(tert-Butoxycarbonylamino)propane-1,3-diyl bis(4-
Methylbenzenesulfonate) (3). To a 25mL round-bottom

flask, 2 (10mmol) was added and dissolved in dry DCM
(10mL). After reached 0∘C, paratoluensulfonyl chloride (2.4
eq) and TEA (3 eq) were added. The reaction was stirred for
10 h, washed with water, dried with Na

2
SO
4
, and evaporated

under reduced pressure. The crude was then purified by
chromatographic column using 𝑛-hexane/AcOEt 2 : 1 as
eluent (yield: 85%); 1H-NMR (400MHz, CDCl

3
) 𝛿 1.34 (s,

9H, Boc); 4.00–4.06(m, 5H, H-1, H-2, and H-3); 4.89 (bs,
NHBoc); 7.31 (d, 𝐽 = 8Hz, 4H, aryl); 7.71 (d, 4H, aryl).

7. General Procedure for the Synthesis of
Symmetric Ligands
3-Aminopentanedinitrile (1b) and
1,3-Diazidopropan-2-amine (1c)

To a 25mL round-bottom flask, 3 (5mmol) was added and
dissolved in DMF (10mL). TEA (3 eq) and TEACN (2.4 eq)
or NaN

3
(2.4 eq) were then added, and the reaction was

stirred for 10 h at room temperature. The reaction mixtures
were washed with water, dried with Na

2
SO
4
, and evaporated

under reduced pressure. The crudes 4 and 5 were purified by
chromatographic column using 𝑛-hexane/AcOEt: 3/1 as elu-
ent. Data for tert-butyl 1,3-dicyanopropan-2-ylcarbamate (4),
Data for tert-butyl 1,3-dicyanopropan-2-ylcarbamate (4) 1H-
NMR(400MHz,CDCl3): 𝛿 1.41 (s, 9H); 2.73–2.82 (m, 4H,H-2
andH-4); 3.47–3.50 (m, 1H, H-3); 5.06 (bs, 1H, NHBoc). Data
for tert-butyl 1,3-diazidopropan-2-ylcarbamate (5) 1H-NMR
(400MHz, CDCl3): 𝛿 1.49 (s, 9H, Boc); 3.40–3.52 (m, 4H, H-
1 and H-3); 3.86–3.90 (m,1H, H-2); 4.77 (bs, 1H,NHBoc). A
solution of derivatives 4 or 5 (1mmol) in CH

2
Cl
2
(10mL)

was treated with trifluoroacetic acid (10mL) and stirred at
room temperature. The reaction was stirred for 2 h at room
temperature and evaporated under reduced pressure to yield
the corresponding final products as TFA salt.

7.1. 3-Aminopentanedinitrile Trifluoroacetate (1b). Yield:
36%. 1H-NMR (400MHz, CD

3
OD) 𝛿 3.00–3.03 (m, 4H,

H-2 and H-4); 3.07 (t, 1H, 𝐽 = 6.0Hz). 13C-NMR (100MHz,
CD
3
OD) 𝛿 20.7 (C-3, C-4), 39.5 (C-3), 114.9 (CN). ESI-MS

calc for C
15
H
17
NO
5
S 323.08, found 323.16.

7.2. 1,3-Diazidopropan-2-amine Trifluoroacetate (1c). Yield:
33%. 1H-NMR (400MHz, CD

3
OD) 𝛿 3.46–3.48 (m, 1H,

H-2); 3.63–3.77 (m, 4H, H-1, H-3). 13C-NMR (100MHz,
CD
3
OD) 𝛿 52.0 (C-2), 59.0 (C-1 and C-3). ESI-MS calc for

C
15
H
17
NO
5
S 323.08, found 323.16.

8. General Procedure for Synthesis of Amino
Alcohols Derived from Amino Acids (9–11)

Ethyl chloroformate (1.2 eq) and N-methylmorfoline (1.2 eq)
at 0∘C were added to a solution of Boc-Cys(Trt)-OH (6)
or Boc-Ser(OtBu)-OH (7) or flask Boc-His(Boc)-OH (8)
(1mmol) in THF (4mL). After 1 h, the reaction was filtered
off, and NaBH

4
(3 eq) dissolved in 2mL of water was added.

The reaction was then stirred at room temperature for 3 h,
washed with H

3
O+, dried with Na

2
SO
4
, and evaporated
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under reduced pressure. Chromatography purification of the
corresponding residues using 𝑛-hexane/AcOEt: 2/1 yielded,
in each case, the amino alcohol derivatives.

8.1. tert-Butyl 1-Hydroxy-3-(tritylthio)propan-2-ylcarbamate
(9). Yield: 73%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.38 (s, 9H,

Boc); 2.40–2.42 (m, 2H, H-3); 3.46–3.51 (m, 3H, H-1, H-2);
4.77 (bs, 1H, NHBoc); 7.20–7.44 (m, 15H, aryl).

8.2. tert-Butyl 1-(tert-Butoxy)-3-hydroxypropan-2-ylcarbam-
ate (10). Yield: 69%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.08 (s,

9H); 1.41 (s, 9H); 3.12 (m, 1H, H-3); 3.41–3.49 (m, 2H, H-1,
H-3); 3.62 (m, 2H, H-1, H-2); 5.12 (s, NHBoc).

8.3. tert-Butyl 1-Hydroxy-3-(1H-imidazol-4-yl)propan-2-ylc-
arbamate (11). Yield: 80%. 1H-NMR (400MHz, CDCl

3
) 𝛿

1.39 (s, 9H); 1.45 (s, 9H); 2.61–2.72 (m, 2H, H-1); 3.12–3.21 (m,
2H, H-3); 3.62 (m, 1H, H-2); 4.98 (bs, NHBoc); 7.00 (s, 1H,
imidazole); 8.21(s, 1H, imidazole).

9. General Procedure for Removal of the
Boc Protecting Group: Synthesis of Final
Ligands 1d and 1e

The compounds 9 or 11 were dissolved in a 1 : 1 mixture
DCM/TFA (10mL), adding triethylsilane (0.1 eq) as scav-
enger. The reaction was stirred for 2 h at room temperature
and evaporated under reduced pressure to yield the title
derivatives as TFA salt.

9.1. 2-Amino-3-mercaptopropan-1-ol Trifluoroacetate (1d).
Amorphous solid (46%). 1H-NMR (400MHz, D

2
O) 𝛿 2.45–

2.49 (m, 2H, H-3); 3.15–3.19 (m, 1H, H-2); 3.67–3.71 (m, 2H,
H-1). 13C NMR (100MHz, D

2
O) 𝛿 30.2 (C-3) 57.2 (C-2), 63.1

(C-1). ESI-MS calc for C
5
H
10
F
3
NO
3
S 221.20, found 221.29.

9.2. 2-Amino-3-(1H-imidazol-4-yl)propan-1-ol Ditrifluoroac-
etate (1e). White solid (39%), m.p. 218–220∘C. 1H NMR
(400MHz, CD

3
OD) 𝛿 2.90–2.93 (m, 2H, H-3); 3.08–3.12 (m,

1H, H-1); 3.66–3.71 (m, 2H, H-1); 7.01 (s, 1H, imidazole); 7.89
(s, 1H, imidazole). 13H-NMR (100MHz, CD

3
OD) 𝛿 29.4 (C-

3), 58.2 (C-2), 64.1 (C-1) 118.2, 130.1, 134.7 (imidazole). ESI-
MS calc for C

10
H
13
F
6
N
3
O
5
369.22, found 369.16.

10. General Procedure for Synthesis of
Tosilated Derivatives 12–14

To a 25mL round-bottom flask, 9, 10, or 11 (1.1mmol) was
added and dissolved in dry DCM (10mL). After reached 0∘C,
paratoluensulfonyl chloride (1.2 eq) and TEA (1.5 eq) were
added. The reaction is stirred for 10 h, washed with water,
dried with Na

2
SO
4
, and evaporated under reduced pressure.

The crudes were then purified by chromatographic column
using 𝑛-hexane/AcOEt: 3/1 as elution system.

10.1. 2-(tert-Butoxycarbonylamino)-3-(tritylthio)propyl 4-Met-
hylbenzenesulfonate (12). Yield: 73%. 1H-NMR (400MHz,
CDCl

3
) 𝛿 1.43 (s, 9H); 2.30 (s, 3H, CH

3
); 2.33–2.42 (m, 2H,H-

3); 3.55–3.58 (m, 1H, H-1); 3.89–3.93 (m, 3H, H-1, H-2), 4.48

(bs, NHBoc); 7.21–7.37 (m, 17 H, aryl); 7.72 (d, 𝐽 = 8.0Hz, 2H,
aryl).

10.2. 3-tert-Butoxy-2-(tert-butoxycarbonylamino)propyl
4-Methylbenzenesulfonate (13). Yield: 77%. 1H-NMR
(400MHz, CDCl

3
) 𝛿 1.08 (s, 9H); 𝛿 1.43 (s, 9H); 2.31 (s, 3H,

CH
3
); 3.14–3.23 (m, 2H, H-1, H-3); 3.87–3.91 (m, 2H, H-1,

H-3); 4.02–4.08 (m, 1H, H-2); 4.92 (bs, NHBoc); 7.16 (d,
𝐽 = 8.1Hz, 2H, aryl); 7.89 (d, 2H, aryl).

10.3. tert-Butyl 4-(2-(tert-Butoxycarbonylamino)-3-(tosyloxy)
propyl)-1H-imidazole-1-carboxylate (14). Yield: 73%. 1H-
NMR (400MHz, CDCl

3
) 𝛿 1.38 (s, 9H); 1.41 (s, 9H); 2.31 (s,

3H, CH
3
); 2.59–2.65 (m, 2H, H-1); 3.53–3.56 (m, 1H, H-3);

3.74–3.82 (m, 1H, H-3); 4.00–4.07 (m, 1H, H-2); 𝛿 5.01 (bs,
NHBoc); 7.01 (s, 1H, imidazole); 7.19 (d, 𝐽 = 8.0Hz, 2H, aryl);
7.80 (d, 2H, aryl); 7.89 (s, 1H, imidazole).

11. General Procedure for the Synthesis of
Thio Derivatives 15 and 16

To a 25mL round-bottom flask, 12 or 14 (1.1mmol) was
added, and dissolved in DMF (10mL). TEA (1.5 eq) and Trt-
SH (1.2 eq) were then added and the reaction was stirred
for 10 h at room temperature. The reaction mixture was
then washed with water, dried with Na

2
SO
4
, and evaporated

under reduced pressure. The crudes were then purified by
chromatographic column using TLC: 𝑛-hexane/AcOEt: 4/1 as
eluent system.

11.1. tert-Butyl 1,3-bis(Tritylthio)propan-2-ylcarbamate (15).
Yield: 81%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.39 (s, 9H); 2.38–

2.41 (m, 4H, H-1, H-3); 4.01–4.05 (m, 1H, H-2); 4.48 (bs,
NHBoc); 7.08–7.23 (m, 30H, aryl).

11.2. tert-Butyl 4-(2-(tert-Butoxycarbonylamino)-3-(tritylthio)
propyl)-1H-imidazole-1-carboxylate (16). Yield: 79%. 1H-
NMR (400MHz, CDCl

3
) 𝛿 1.42 (s, 9H); 2.51–2.64 (m,

4H, H-1, H-3); 4.20–4.26 (m, 1H, H-2); 4.48 (bs, NHBoc);
7.08–7.23 (m, 16H, aryl); 7.91 (s, 1H, imidazole).

12. Synthesis of Final Ligands 1f and 1g

The compounds 15 or 16 were dissolved in a 1 : 1 mixture
DCM/TFA (10mL), adding triethylsilane (0.1 eq) as scav-
enger. The reaction was stirred for 2 h at room temperature
and evaporated under reduced pressure to yield the title
derivatives as TFA salt.

12.1. 2-Aminopropane-1,3-dithiol Trifluoroacetate (1f). Amor-
phous solid (59%). 1H NMR (400MHz, D

2
O) 𝛿 2.64 (dd,

2H, 𝐽 = 6.8 and 11.2Hz, H-1, H-3); 2.74 (dd, 𝐽 = 5.2 and
6.9Hz, 2H, H-1, H-3). 13C NMR (100MHz, D

2
O) 𝛿 30.1 (C-

1, C-3), 55.0 (C-2). ESI-MS calc for C
5
H
10
F
3
NO
2
S
2
: 237.01;

found 237.11.

12.2. 2-Amino-3-(1H-imidazol-2-yl)propane-1-thiol Ditrifluo-
roacetate (1g). White solid (61%), m.p. 196–198∘C. 1H NMR
(400MHz, CD

3
OD) 𝛿 2.79 (dd, 1H, 𝐽 = 5.7 and 10.1 Hz, H-1);



Journal of Amino Acids 9

2.90 (dd, 1H, H-1); 3.18–3.25 (m, 2H, H-3); 3.61–3.70 (m, 1H.
H-2). 13H-NMR (100MHz, CD

3
OD) 𝛿 25.8 (C-1); 26.4 (C-3),

52.3 (C-2), 118.2 (imidazole), 134.7 (imidazole). ESI-MS calc
for C
8
H
12
F
3
N
3
O
2
S: 271.06; found 271.10.

13. General Procedure for the Synthesis of
Cyano Derivatives 17 and 18

To a 25mL round-bottom flask, 12 or 13 (1.1mmol) was
added and dissolved in DMF (10mL). TEA (1.5 eq) and
TEACN (1.2 eq) were added, and the reaction was stirred for
10 h at room temperature. The reaction mixtures were then
washedwith water, dried withNa

2
SO
4
, and evaporated under

reduced pressure. The crudes were purified by chromato-
graphic column using 𝑛-hexane/AcOEt: 3/1

13.1. tert-Butyl 1-Cyano-3-(tritylthio)propan-2-ylcarbamate
(17). Yield: 84%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.42 (s,

9H,); 2.29–2.33 (m, 2H, H-3); 2.71–2.86 8m, 2H, H-1);
3.86–3.91 (m, 1H, C-2); 4.97 (bs, NHBoc); 𝛿 7.08–7.45 (m,
15H, aryl).

13.2. tert-Butyl 1-tert-Butoxy-3-cyanopropan-2-ylcarbamate
(18). Yield: 81%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.12 (s, 9H);

1.41 (s, 9H); 2.69 (m, 2H, H-3); 3.23–3.41 (m, 2H, H-1); 3.90–
3.94 (m, 1H, H-2); 4.99 (bs, NHBoc).

14. Synthesis of Final Ligands 1h and 1i

The intermediates 17 and 18 were dissolved in a 1 : 1 mixture
DCM/TFA (10mL), adding triethylsilane (0.1 eq) as scav-
enger. The reaction was stirred for 2 h at room temperature
and evaporated under reduced pressure to afford the title
compounds as TFA salt.

14.1. 3-Amino-4-mercaptobutanenitrile Trifluoroacetate (1h).
Amorphous solid (65%). 1H NMR (400MHz, CD

3
OD) 𝛿

3.09–3.20 (m, 4H, H-2, H-4); 3.87–3.90 (m, 1H, H-3). 13C
NMR (100MHz, CD

3
OD) 𝛿 20.3 (C-2), 38.3 (C-4), 46.1 (C-

3), 115.4 (C-1). ESI-MS calc for C
6
H
9
F
3
N
2
O
2
S 230.01, found

230.12.

14.2. 3-Amino-4-hydroxybutanenitrile Trifluoroacetate (1i).
White solid (63%), m.p. 131–133∘C. 1H-NMR (400MHz,
CD
3
OD) 𝛿 2.41–2.53 (m, 2H, H-2); 3.76–3.89 (m, 3H, H-3,

H-4). 13C NMR (100MHz, CD
3
OD) 𝛿 21.1 (C-2), 50.0 (C-3),

61.3 (C-4), 114.7 (C-1) ESI-MS calc for C
6
H
9
F
3
N
2
O
3
214.06,

found 214.16.

15. General Procedure for the Synthesis of
Azido Derivatives 19–21

To a 25mL round-bottom flask, 12, 13, or 14 (1.1mmol) were
added and dissolved in DMF (10mL). TEA (3 eq) and NaN

3

(2.4 eq) were added, and the reactions were stirred for 10 h at
room temperature. The reaction mixtures were washed with
water, dried with Na

2
SO
4
, and evaporated under reduced

pressure. The crudes were then purified by chromatographic
column using 𝑛-hexane/AcOEt: 3/1 as eluent system.

15.1. tert-Butyl 1-Azido-3-(tritylthio)propan-2-ylcarbamate
(19). Yield: 75%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.49 (s, 9H);

2.54–2.62 (m, 2H, H-3); 3.29–3.35 (m, 2H, H-1); 3.88–3.90
(m, 1H, H-2); 4.82 (bs, NHBoc).

15.2. tert-Butyl 1-Azido-3-tert-butoxypropan-2-ylcarbamate
(20). Yield: 72%. 1H-NMR (400MHz, CDCl

3
) 𝛿 1.18 (s, 9H);

1.43 (s, 9H); 3.01–3.23 (m, 2H, H-1); 3.81–3.90 (m, 3H, H-2,
H-3); 4.91 (bs, NHBoc).

15.3. tert-Butyl 4-{3-Azido-2-[(tert-butoxycarbonyl)amino]
propyl}-1H-imidazole-1-carboxylate (21). Yield: 70%. 1H-
NMR (400MHz, CDCl

3
) 𝛿 1.39 (s, 9H); 1.59 (s, 9H); 3.21–3.33

(m, 4H, H-1, H-3); 3.98–4.03 (m, 1H, C-2); 4.50 (bs, NHBoc).

16. Synthesis of Final Derivatives 1j–1l

The intermediates 19, 20, and 21 were dissolved in a 1 : 1
mixture DCM/TFA (10mL), adding triethylsilane (0.1 eq)
as scavenger. The reaction was stirred for 2 h at room
temperature and evaporated under reduced pressure to afford
the title compounds as TFA salt.

16.1. 2-Amino-3-azidopropane-1-thiol Trifluoroacetate (1j).
Amorphous solid (38%). 1H-NMR (400MHz, D

2
O) 𝛿 2.76–

2.82 (m, 2H, H-3); 3.58–3.62 (m, 2H, H-2, H-1); 3.78–3.81 (m,
1H, H-1). 13C NMR (100MHz, D

2
O) 𝛿 30.6 (C-1), 51.8 (C-

2), 58.9 (C-3). ESI-MS calc for C
5
H
9
F
3
N
4
O
2
S 264.04, found

264.12

16.2. 2-Amino-3-azidopropane-1-ol Trifluoroacetate (1k).
Amorphous solid (35%). 1H-NMR (400MHz, D

2
O) 𝛿

3.30–3.33 (m, 1H, H-2); 3.40–3.46 (m, 2H, H-3); 3.53–3.64
(m, 2H, H-1). 13C NMR (100MHz, D

2
O) 𝛿 50.2 (C-3), 52.0

(C-2), 59.1 (C-1). ESI-MS calc for C
5
H
9
F
3
N
4
O
3
230.15, found

230.27.

16.3. 1-Azido-3-(1H-imidazol-4-yl)propan-2-amine Ditrifluo-
roacetate (1l). Amorphous solid (41%). 1H-NMR (400MHz,
CD
3
OD) 𝛿 3.12–3.15 (m, 2H, H-1); 3.62–3.66 (m, 1H,

H-2); 3.62–3.66 (m, 1H, H-2); 3.70–3.83 (m, 2H, H-3);
7.48 (s, 1H, imidazole); 8.86 (s, 1H, imidazole). 13C NMR
(100MHz, CD

3
OD) 𝛿 25.3 (C-3), 49.7 (C-2), 51.2 (C-1), 118.1,

128.1,134.7(C-imidazole). ESI-MS calc for C
10
H
12
F
6
N
6
O
4

394.23, found 394.31.

16.4. 4-Phenoxybenzene-1-sulfonyl Chloride (24). In a 25mL
round-bottom flask, 22 (11.75mmol) was dissolved in dry
DCM (10mL), and chlorosulphonic acid (11.75mmol.) was
added at 0∘C. The reaction was stirred for 2 h, evaporated
under vacuum, and used for next step without further
purification. The reaction mixture was indeed dissolved in
thionyl chloride at 0∘C and refluxed for 5 h to yield after
evaporation product 24with 95% yield. 1H-NMR (400MHz,
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CDCl
3
) 𝛿 7.01–7.14 8m, 5H, aryl); 7.41 (d, 𝐽 = 8.6Hz, 2H, aryl);

7.82 (d, 2H, aryl).

16.5. N-(1,3-Dihydroxypropan-2-yl)-4-phenoxybenzenesulfon-
amide (25a). To a 25mL round-bottom flask, 1a (3mmol)
was added and dissolved in acetone (10mL). NaHCO

3

(1.5 eq.) and 24 (1.2 eq.) were added, and the reaction was
stirred for 24 h at room temperature. The reaction mix-
ture was then washed with water, dried with Na

2
SO
4
, and

evaporated under reduced pressure. The crude was purified
by chromatographic column using AcOEt/acetone 9/1 as
eluent system. Amorphous solid (55%). 1H-NMR (400MHz,
CD
3
OD) 𝛿 3.19–3.21 (m, 1H, H-2); 3.48–3.54 (m, 4H, H-1,

H-3); 7.04–7.09 (m, 5H, aryl); 7.40–7.43 (m, 2H, aryl); 7.84–
7.89 (m, 2H, aryl). 13C NMR (100MHz, CD

3
OD) 𝛿 56.7 (C-

2), 60.9 (C-1, C-3), 117.4, 117.7, 120.0, 121.4, 129.2, 130.1, 132.3,
151.1, 159.2(aryl). ESI-MS calc for C

15
H
17
NO
5
S 323.08; found

323.16.

16.6. N-(1-Hydroxy-3-mercaptopropan-2-yl)-4-phenoxyben-
zenesulfonamide (25d). To a 25mL round-bottom flask, 2-
amino-3-(tritylthio)propan-1-ol (3mmol) were added and
dissolved in DMF (10mL). Cs

2
CO
3
(1.5 eq.) and 24 (1.2 eq.)

were then added, and the reaction was stirred for 24 h at
room temperature. The reaction mixtures were washed with
water, dried with Na

2
SO
4
, and evaporated under reduced

pressure. The compound N-(1-hydroxy-3-(tritylthio)propan-
2-yl)-4-phenoxybenzenesulfonamide was purified by chro-
matographic column using 𝑛-hexane/AcOEt: 2/1. Yield: 42%.
1H-NMR (400MHz, CDCl

3
) 𝛿 2.34 (d, 𝐽 = 8.0Hz, 2H,

H-3); 3.18–3.23 (m, 1H, H-2); 3.42–3.49 (m, 2H, H-1); 7.14–
7.70 (m, 24H, aryl); 7.74 (d, 2H, aryl). This intermediate was
then dissolved in a 1 : 1 mixture DCM/TFA (10mL), adding
triethylsilane (0.1 eq) as scavenger. The reaction was stirred
for 2 h at room temperature and evaporated under reduced
pressure to afford the title compound as an amorphous solid.
Yield: 92%. 1H-NMR (400MHz, CDCl

3
) 𝛿 2.65–2.70 (m, 2H,

H-3); 3.35–3.40 (m, 1H, H-2); 3.64–3.79 (m, 2H, H-1); 7.03–
7.09 (m, 5H, aryl); 7.37 (d, 𝐽 = 6.8Hz, 2H, aryl); 7.84 (d, 2H,
aryl). 13C NMR (100MHz, CDCl

3
) 𝛿 26.6 (C-3), 51.1 (C-1),

62.9 (C-3), 118.0, 121.0, 129.6, 130.5, 138.2, 152.0, 160.1(aryl).
ESI-MS calc for C

15
H
17
NO
4
S
2
339.06; found 339.12.

16.7. N-(1-Hydroxy-3-(1H-imidazol-4-yl)propan-2-yl)-4-phe-
noxybenzenesulfonamide Hydrochloride (25e). To a 25mL
round-bottom flask, 1e (3mmol) was added and dissolved
in DMF (10mL). Cs

2
CO
3
(1.5 eq.) and 24 (1.2 eq.) were

then added, and the reaction was stirred for 24 h at room
temperature. The reaction mixture was then washed with
water, dried with Na

2
SO
4
, and evaporated under reduced

pressure. The product was precipitated from the crude with
dry HCl/eter solution and the filtered washed with Et

2
O.

White solid (51%) 241–243∘C. 1H-NMR (400MHz, CD
3
OD)

𝛿 2.78–2.85 (m, 2H, H-3); 3.47–3.52 (m, 2H, H-1, H-2); 3.68–
3.71 (m, 1H, H-1); 𝛿 7.02–7.10 (m, 5H, aryl); 7.39 (d, 𝐽 =
8.8Hz, 2H, aryl); 7.48 (s, 1H, imidazole); 7.80 (d, 2H, aryl);
8.85 (s, 1H, imidazole). 13C NMR (100MHz, CD

3
OD) 𝛿 28.4

(C-3), 52.6 (C-1), 63.2 (C-3), 114.0, 117.8, 118.2, 120.10, 121.4,

129.2, 130.1, 133.2, 139.8, 151.1, 159.2 (aryl). ESI-MS calc for
C
18
H
20
ClN
3
O
4
S 2409.89, found 409.91.

17. Molecular Modeling

All calculations were performed on a DELL T5500 worksta-
tion, equipped with two Intel Xeon E5630 2.53GHz proces-
sors.

All compounds were manually built in Maestro version
9.3.5, [35] exploiting the Built facility and minimized to a
derivative convergence of 0.001 kJÅ−1mol−1, using the Trun-
cated Newton Conjugate Gradient (TNCG) minimization
algorithm, the OPLS2005 force field, and the GB/SA water
solvation model implemented in MacroModel version 9.9
[23].

Conformational searches, applying the mixed torsional/
low-mode sampling and the automatic setup protocol, were
carried out on all minimized ligand structures to obtain the
globalminimumgeometry of eachmolecule, to be used as the
starting conformation for docking calculations with Glide,
version 5.8 [24, 36, 37].

Three-dimensional coordinates of MMP-1, -2, -8, and
-9 were downloaded from the Brookhaven Protein Data
Bank [38] (PBD ID: 1HFC, 1QIB, 1I76, and 1GKC, resp.).
Each 3D structure was submitted to the Protein Preparation
routine in Maestro that allows fixing of receptor structures,
eliminating water molecules and possible ligands, fixing
bond orders, adding hydrogen atoms, and ionizing charged
residues. Hydrogen bond network is optimized, and for each
structure, a brief relaxation was performed using an all-
atom constrained minimization carried out with the Impact
Refinement module version 5.8 and the OPLS-2005 force
field to reduce steric clashes that may exist in the original
PDB structures. The minimization was terminated when the
energy converged or the root mean square deviation (RMSD)
reached a maximum cut-off of 0.30 Å.

Glide energy grid was generated using the crystallo-
graphic ligand of 1I76 as the centre of the grid, after super-
imposing all MMPs structures under study. The size of the
box was determined automatically on the basis of the ligand
dimensions. The global minimum geometry of ligands was
submitted to docking calculations in the previously prepared
proteins. The van der Waals radii for nonpolar ligand atoms
were scaled by a factor of 0.8, thereby decreasing penalties
for close contacts. Receptor atoms were not scaled. A first
docking run was carried out applying the Standard Precision
settings of Glide. Ten poses were saved and resubmitted to
docking with the Extra Precision (XP) settings; [39] one pose
was saved in this second run. The best ranking pose for each
ligand in each protein was submitted to Liaison [29] to derive
the scoring function applying the LIE method. Ligands and
receptors structures were minimized in free and bound states
through 1000 TNCG steps, allowing receptor residues 15 A far
from the ligand to be freely relaxed. Implicit GB/SA solvent
model was applied for solvation energy calculation.

The calculated 𝑈vdW, 𝑈ele, and 𝑈cav parameters were
correlated to experimental activity data using Strike [30] and
theMultiple Linear Regression method, validating the model
through leave-one-out (LOO) cross-validation analysis.
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metalloproteinases as modulators of inflammation and innate
immunity,” Nature Reviews Immunology, vol. 4, no. 8, pp. 617–
629, 2004.

[6] M. Egeblad and Z. Werb, “New functions for the matrix met-
alloproteinases in cancer progression,” Nature Reviews Cancer,
vol. 2, no. 3, pp. 161–174, 2002.

[7] S. Zucker, C. Jian, and W. T. Chen, “Critical appraisal of the
use of matrix metalloproteinase inhibitors in cancer treatment,”
Oncogene, vol. 19, no. 56, pp. 6642–6650, 2000.
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Bovine milk possesses a protein system constituted by two major families of proteins: caseins (insoluble) and whey proteins
(soluble). Caseins (𝛼S1, 𝛼S2, 𝛽, and 𝜅) are the predominant phosphoproteins in the milk of ruminants, accounting for about
80% of total protein, while the whey proteins, representing approximately 20% of milk protein fraction, include 𝛽-lactoglobulin,
𝛼-lactalbumin, immunoglobulins, bovine serum albumin, bovine lactoferrin, and lactoperoxidase, together with other minor
components. Different bioactivities have been associated with these proteins. In many cases, caseins and whey proteins act as
precursors of bioactive peptides that are released, in the body, by enzymatic proteolysis during gastrointestinal digestion or during
food processing. The biologically active peptides are of particular interest in food science and nutrition because they have been
shown to play physiological roles, including opioid-like features, as well as immunomodulant, antihypertensive, antimicrobial,
antiviral, and antioxidant activities. In recent years, research has focused its attention on the ability of these molecules to provide a
prevention against the development of cancer. This paper presents an overview of antitumor activity of caseins and whey proteins
and derived peptides.

1. Introduction

Milk proteins can exert a wide range of physiological activ-
ities, including enhancement of immune function, defense
against pathogenic bacteria, viruses, and yeasts, and develop-
ment of the gut and its functions [1]. Besides the biologically
active proteins naturally occurring in milk, a variety of
bioactive peptides are encrypted within the sequence of milk
proteins that are released upon suitable hydrolysis of the
precursor protein. A large range of bioactivities has been
reported for milk protein components, with some showing
more than one kind of biological activity [2]. Particularly, the
present paper reviews themost important antitumor peptides
derived from milk proteins (Table 1).

Peptides derived from casein digestion have demon-
strated antimutagenic properties [3]. Animal models for
colon and mammary tumorigenesis have generally shown

that whey protein is superior to other dietary proteins
for suppression of tumour development [4]. This benefit
is attributed to its high content of cystine/cysteine and 𝛾-
glutamylcyst(e)ine dipeptides, which are efficient substrates
for the synthesis of glutathione, an ubiquitous cellular antiox-
idant that destroys reactive oxygen species and detoxifies
carcinogens. Whey protein components, 𝛽-lactoglobulin, 𝛼-
lactalbumin, and serum albumin were studied infrequently,
but results suggest they have anticancer potential [2]. The
minor component lactoferrin has received the most atten-
tion; it inhibits intestinal tumours and perhaps tumours
at other sites. Lactoferrin acts by induction of apoptosis,
inhibition of angiogenesis, and modulation of carcinogen
metabolising enzymes and perhaps acts as an iron scavenger.
Supplementing cows with selenium increases the content of
selenoproteins in milk, which on isolation inhibited colon
tumorigenesis in rats.
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Table 1: Anticancer peptide and proteins from bovine milk [5].

Family proteins Protein precursors Concentration (g/L) M.W.† Peptide fragments Amino acid sequence
24–28 Caseinphosphopeptides PPPEE𝜁

𝛼s1-casein 𝛼s1-CN 12–15 22.1–23.7 𝛼s1-casein f(90–95) RYLGYL
𝛼s1-casein f(90–96) RYLGYLE

Caseins 𝛼s1-casomorphin f(158–162) YVPFP
𝛽-casein 𝛽-CN 9–11 23.9–24.1 𝛽-Casomorphins 5 f(60–64) YPFPG

𝛽-Casomorphins 7 f(60–66) YPFPGPI
Morphiceptin f(60–63)-NH2 YPFP-NH2

5–7
𝛽-lactoglobulin 𝛽-lg 2–4 18.3

Whey proteins 𝛼-lactalbumin 𝛼-la 1–1.5 14.2
Bovine serum albumin BSA 0.1–0.4 66

Lactoferrin Lf 0.1 80 Bovine lactoferricin (LfcinB) FKCRRWQWRMKK
LGAPSITCVRRAF

𝜁Characteristic cluster sequence of CPPs.
†Molecular weight expressed in kDa.

2. Caseins

2.1. 𝛼- and 𝛽-Casomorphins. 𝛽-Casomorphins (𝛽-CMs) are
a group of exogenous opioid-like peptides derived from
the hydrolysis of 𝛽-casein and were first isolated from
an enzymatic casein digest [6]. Their primary amino
acid sequence is NH

2
-Tyr-Pro-Phe-Pro-Gly-Pro-Ile-Pro-

Asn-Ser-Leu-COOH, located in bovine 𝛽-casein at positions
60–70. It was reported that 𝛽-CMsmay reach significant level
in the stomach because they are fairly resistant to proteolysis
due to their proline-rich sequence [7].
𝛼-Casomorphins (exorphins) have been isolated from

peptic hydrolysates of 𝛼-casein fractions. In general, their
structures differ considerably from those of 𝛽-casomorphins.
Active fractions were shown to be a mixture of two separate
peptides derived from 𝛼

1
-casein fragments 90–95 and 90–

96 [Arg
90
-Tyr-Leu-Gly-Tyr-Leu

95
-(Glu
96
)]. The N-terminal

arginine residue was also reported to be essential for opioid
activity.
𝛼- and 𝛽-Casomorphins may be produced by the enzy-

matic action of different proteases released from tumor cells
[8, 9]. Indeed, Hatzoglou et al. [10] have shown that five
different casomorphins, 𝛼-casein fragments 90–95 and 90–
96 [11], 𝛽-Casomorphins 7 (BCM7) fragment 60–66, 𝛽-
Casomorphins 5 (BCM5) fragment 60–64, and the morphi-
ceptin, the amide of 𝛽-Casomorphins 4, have an antiprolifer-
ative action on T47D cells, blocking cells in G0/G1 phase.

It is, therefore, possible to make two important con-
siderations: one, on the inhibition that appears to be due
to the interaction between the casomorphins and opioid
receptors binding sites, decreasing cell proliferation in a
dose-dependent manner; another, covering the essential
requirements for the interaction of casomorphins with opioid
receptors, that are identified by the hydrophobic character
of proteins, their high content of proline and the presence
of tyrosine at the N-terminal [12]. Also, it appears that, with
the exception of morphiceptin whose action is mediated by
type II somatostatin receptors, all peptides interact with to
𝛿- and 𝜅-opioid binding sites of T47D cells with different

selectivity. It is interesting to note that all casomorphins show
a significant interaction with somatostatin receptors in T47D
cells, as these peptides may have a major physiological role in
breast cancer. Furthermore, the interaction of casomorphins
with opioid and somatostatin receptors leads to the inhibition
of intracellular levels of cAMP.

Subsequently, Kampa et al. [13] have identified a new
casomorphin pentapeptide (𝛼s1-casomorphin), isolated from
𝛼s1-casein, with the sequence Tyr-Val-Pro-Phe-Pro (f158–
162), capable of inhibiting, in a dose-dependent and reversible
manner, the proliferation of T47D human breast cancer cells.
Differently from other casomorphins, 𝛼s1-casomorphin does
not interact with somatostatin receptors in our system.

Recently, De Simone et al. [14] have isolated a partially
purified peptide subfraction from buffalo cheese acid whey,
called f3, which reduces colon cell proliferation about 30%
compared with the control sample represented by H-CaCo2
cells untreated with peptide extract.

The cytomodulatory and antioxidant effects of complex
peptide fraction of the buffalo milk waste whey (BWW) in
human epithelial colon cancer cells are due at a reduction
of mitochondrial superoxide anion level and a subsequent
decrease in Hsp 70 and 90 expression. Moreover, a 5-fold
decrease was observed in cyclin A expression and cell cycle
arrest in G1/G0 phases. These responses were associated
with increases in expression of alkaline phosphatase activ-
ity, marker of enterocytic differentiation, and senescence-
associated (𝛽)-galactosidase.

Moreover, it seems that inhibition effects of f3 on H-
CaCo2 cell proliferation may be mediated by secretion of
ceramides which resulted in cell cycle arrest, differentiation
and in subsequent accelerated senescence.

The structural analyses carried out on f3 showed the
presence of peptides 𝛽-CN f57–68 and f60–68, precursors of
the agonist opioids BCM7 and BCM5 [15]. These peptides
could reduce colon cells proliferation by interaction with
specific opioid, and somatostatin receptors, present in the
intestinal tract of mammals.
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2.2. Caseinphosphopeptides. Caseinphosphopeptides (CPPs)
are a family of bioactive peptides derived from digestion of
casein. Their name is due to their high content of phospho-
rylated sites, and they are characterized by the ability to bind
and solubilize calcium [16]. This property is responsible for
their anticancer activity against intestinal tumor HT-29 cells,
by modulating cell proliferation and apoptosis.

More recently, it was demonstrated that in HT-29 cells,
as well as in a primary human colon cancer cell line
(AZ-97), the activation of voltage-activated L-type calcium
channels, which mediate the calcium influx according to the
depolarization state of the cell, is correlated to apoptosis,
and their blockade may promote the growth of colon cancer
cells [17]. Perego et al. [18] have demonstrated that CPPs
protect differentiated intestinal cells from calcium overload
toxicity, prevent their apoptosis favoring proliferation, and
at the same time induce apoptosis in undifferentiated tumor
cells. Probably, this effect is the result of binding of CPPs with
extracellular calcium with a precise dose-response relation-
ship, causing a reduction in the cell proliferation rate and
apoptosis. In fact, antagonists of calcium channels abolish the
response to CPPs or reduce both percentage of responsive
cells and the increase of intracellular calcium concentration.

3. Whey Proteins

3.1. 𝛼-Lactoalbumin. 𝛼-Lactoalbumin (𝛼-LA) is, quantita-
tively, the second most important protein in whey, and it
contains 123 amino acid residues with a molecular weight of
14,175 kDa and isoelectric point between 4.2 and 4.5 [19]. In
aqueous solution, 𝛼-LA has a globular structure stabilized by
four disulphide bonds, and, actually, three genetic variants
(A, B, and C) have already been identified [20]. This globular
protein consists in a single polypeptide chain with eight
cysteine residues, and it is physiologically important because
of its requirements in lactose synthesis.

Some important bioactivities have been reported for 𝛼-
LA. The best known is the antitumoral activity observed
for the complex of bovine 𝛼-lactalbumin and oleic acid
(BAMLET), the bovine counterpart of HAMLET (human 𝛼-
lactalbumin and oleic acid), that seems to kill tumor cells
via a mechanism involving lysosomal membrane permeabi-
lization. It consists of the calcium depleted apo form of 𝛼-
LA in the aforementioned molten globule state, which is
stabilized by a fatty acid cofactor. It is noteworthy that the
𝛼-LA/fatty acid interaction is stereo-specific; it is for this
reason that unsaturated cis-fatty acids bind to 𝛼-LA, and only
the C18 : 1 : 9 cis-fatty acid (oleic acid), that interacts with 𝛼-
LA in a compact conformation, is active against tumor cells
[21, 22]. BAMLET accumulates rapidly and specifically in
the endolysosomal compartment of tumor cells and induces
an early leakage of lysosomal cathepsins into the cytosol
followed by the activation of the protein Bax, a proapoptotic
Bcl-2 family protein.
𝛼-LA can also be a potent calcium concentration-

elevating and apoptosis-inducing agent [23]. Multimeric
form of 𝛼-LA was shown to promote apoptosis in trans-
formed and immature cells while sparing mature epithelial
cells. During this process calcium levels are elevated, allowing

a connection between calcium levels and apoptosis. Probably,
𝛼-LA interacts with cell surface modulators altering calcium
transport rates, intracellular calcium, and cell growth rate.
High affinity to metal ions is mainly due to junction to
subdomains at 79–88 containing five aspartates [24]. Further-
more, this protein possesses antiproliferative effects on colon
adenocarcinoma cell lines (CaCo2 or HT-29 monolayers).
Low concentrations of 𝛼-LA (10–25𝜇g/mL) stimulate growth
during the first 3 to 4 days. After growing for 4 days, prolif-
eration ceases and viable cell numbers decrease dramatically,
suggesting a delayed initiation of apoptosis [25].

3.2. 𝛽-Lactoglobulin. 𝛽-Lactoglobulin (𝛽-Lg) is quantita-
tively a noncasein protein in bovine milk (58% w/w). It is
a small, soluble, and globular protein, but its quaternary
structure depends on themediumpH. At pH of 3.0 and above
8.0, 𝛽-Lg is a monomer molecule with a molecular weight of
18 kDa, while, at pH between 7.0 and 5.2, it is a stable dimer
with molecular mass of about 36.7 kDa; at pH between 5.2
and 3.5 it is an octamer with molecular mass of 140 kDa. 𝛽-
Lg is composed mainly of 𝛽-sheet motifs and consists of 162
aminoacid residues [5].
𝛽-Lg has been implicated in providing protection against

development of cancer in animal models when delivered
orally. The mechanism of anticancer activity of 𝛽-Lg may
be related to its sulphur aminoacid content. This suggests a
possible role in protecting DNA in methylated form. Indeed,
the aminoacid composition of 𝛽-Lg plays an important role
in preventing oxidative damage. Particularly, 𝛽-Lg influences
tissue levels of the thiol-glutathione, amultifunctional tripep-
tide, that binds and eliminates endogenous and exogenous
mutagens and carcinogens.

Since the precursors for the synthesis of glutathione, as
cysteine and glutamylcysteine, are provided by 𝛽-Lg, it is
possible to establish a relationship between tripeptide levels
and 𝛽-Lg [26]. The high nutritional and functional value
of 𝛽-Lg is widely recognized and has made this protein an
ingredient of choice in the formulation of modern foods and
beverages [27].

3.3. Bovine Serum Albumin. Bovine serum albumin (BSA)
is not synthesized in the mammary gland, but appears in
milk following passive leakage from the blood stream. It
contains 582 aminoacid residues with a molecular weight
of 66,267 kDa; it also possesses 17 intermolecular disulphide
bridges and one thiol-group at residue 34 [19]. Because of its
size, BSA can bind to free fatty acids and other lipids as well as
flavour compounds [28]—a feature that is severely hampered
upon denaturation. Its heat-induced gelation at pH 6.5 is
initiated by an intermolecular thiol-disulphide interchange,
similar to what happens with 𝛽-Lg [29].

BSA inhibits the growth of MCF-7 human breast cancer
cell line [30]. Inhibition of MCF-7 cell proliferation by BSA
is in a concentration-dependent manner. BSA may affect cell
proliferation bymodulating the activities of autocrine growth
regulatory factors.

BSA has also been reported to exhibit strong antiprolif-
erative effects against a Chinese hamster epithelial cell line,
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although the mechanisms for this inhibition remain unclear
[31].

3.4. Lactoferricin. Lactoferrin, an iron-binding glycoprotein
with a molecular weight of about 80 kDa (703-amino acid),
is mainly found in external secretions that include breast
milk and saliva and in the secretory granules of neutrophils.
In addition to its antimicrobial effects, it is well known to
possess a variety of biological activities, like regulation of
immune response [32, 33], cells transcriptional activation
[34], and antiviral activity [35]. The antimicrobial activity
of bovine lactoferrin (LF-B) has been attributed to the
bovine lactoferricin fragment (LfcinB), which, unlike the
parental glycoprotein, displays no iron-binding capacity. In
fact, the LfcinB is considered as the active domain responsible
for antimicrobial activity of LF-B, against a wide range of
microorganisms.

Lactoferricin is a cationic peptide produced by acid-
pepsin hydrolysis of mammalian lactoferrin [36], and it
consists of 25 aminoacid residues (FKCRRWQWRMKKL-
GAPSITCVRRAF), including two cysteine residues that cre-
ate a disulfide bond linking the highly positively charged
NH
2
-terminal region and the COOH-terminal region of the

peptide [37]. LfcinB has a high content of asymmetrically
clustered basic aminoacid residues, giving the peptide a net
positive charge of 7.84 at pH 7.0.

Its amphipathic property is given by the twisted 𝛽-sheet
structure that LfcinB assumes in aqueous solution, in which
nearly all of the hydrophobic residues are found on one face
with the basic aminoacid residues positively charged on the
opposing face.

The cytotoxic activity of LfcinB has been demonstrated
in vitro on many different types of rat and human cancer cell
lines, including leukemia, fibrosarcoma, various carcinoma,
and neuroblastoma cells [38–41], at concentrations that do
not substantially affect the viability of normal fibroblasts,
lymphocytes, epithelial cells, endothelial cells, or erythro-
cytes [40, 42]. The selectivity of action of LfcinB is due to
its strongly cationic nature that allows the peptide to target
negatively charged cancer cells, whereas healthy untrans-
formed cells are spared because of their net neutral charge
due to the high content of zwitterionic phosphatidylcholine
in the outer membrane leaflet [43]. The net negative charge
that is associated with the outer membrane leaflet of many
cancer cells results from differential branching and sialic
acid content of N-linked glycans associated with transmem-
brane glycoproteins [44], as well as elevated expression of
anionicmolecules such as phosphatidylserine [45, 46] andO-
glycosylated mucins [43, 47].

It is this selectivity of action that makes LfcinB unable
to bind to PC3 prostate carcinoma cells. Therefore, it seems
possible that some cancer cells may be refractory to the
cytotoxic effect of LfcinB treatment due to an insufficient net
negative charge to promote a strong electrostatic interaction
with cationic LfcinB.

Since the cytotoxic activity of LfcinB against cancer
cells strongly depends on its structure, amphipathic nature
and high net positive charge (+7, if compared to +4 for

antimicrobial activity), this activity is, therefore, increased
in LfcinB derivatives with clear cationic and hydrophobic
moieties, while a glutamic acid-containing homologue of
murine lactoferricin lacks the ability to kill cancer cells [48–
50].

The activities against fibrosarcoma and neuroblastoma rat
cells instead of human cells can be explained by a mechanism
that induces the formation of transmembrane pores that
allow the peptide to enter the cytoplasmic compartment
of the cancer cell and colocalize with negatively charged
mitochondria, causing cell death primarily via necrosis by
a cell membrane lytic effect. In fact in terms of structural
membrane changes, insertion of LfcinB [51] promotes the for-
mation of inverted hexagonal or bicontinuous cubic phases
in membrane mimetic systems [52–56]. In contrast, LfcinB
kills human T-leukemia and breast cancer cells by triggering
caspase-3 activation through the mitochondrial pathway of
apoptosis.

According to studies conducted by Yoo et al. [38], LfcinB
is able to kill THP-1 human monocytic leukemia cells by
the activation of apoptotic pathways. Its apoptosis-inducing
activity is associated with the production of intracellular
ROS and activation of Ca2+/Mg2+-dependent endonucleases.
Treatment of THP-1 cells with LfcinB (100 𝜇g/mL) elicited
apoptosis with maximal activity after about 10 h, whereas LF-
B did not induce cell death even at a dose of 500 𝜇g/mL.
THP-1 cells treated with LfcinB exhibited fragmented DNA
in a dose-dependent manner, a time- and dose-dependent
progressive reduction in cell membrane integrity that allowed
LfcinB to enter the cytoplasmic compartment. However, the
membrane-lytic effect of extracellular LfcinB, that does not
depend on internalization of the peptide, may also contribute
to the LfcinB-induced cytotoxicity. In fact, the addition of
Zn2+, an inhibitor of endonucleases, which requires divalent
cations for their full activity, inhibited LfcinB-induced cell
death. However, LfcinB-induced apoptosis in THP-1 cells was
effectively abolished by the addition of antioxidants, such as
NAC (N-acetyl-cysteine) and GSH (glutathione), similarly to
that induced by H

2
O
2
.

The capacity of LfcinB to induce apoptosis in cancer
cells through a pathway mediated by the production of the
intracellular ROS and activation of Ca2+/Mg2+-dependent
endonucleases was confirmed by Mader et al. [57], who
also documented the mitochondrial pathway of apoptosis
for LfcinB. Mader et al. [57] demonstrated that LfcinB-
induced apoptosis in human T-leukemia cells was triggered
by a sequence of events consisting of LfcinB-mediated
permeabilization of the cell membrane, uptake across the
damaged cell membrane, colocalization with mitochondria,
and depolarization of mitochondria, resulting in cytochrome
C release, combination of cytosolic Apaf-1 responsible for
recruiting and activating procaspase-9, thereby forming the
apoptosome that triggers the caspase cascade and leads to cell
death by apoptosis.

Other studies have reported that induction of apoptotic
or necrotic cell death is dependent on the concentration
of the peptide [41, 58] because the cytotoxic activity of
LfcinB is reduced in the presence of high concentrations
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of serum. In fact, systemic or intratumoral administration
of LfcinB inhibits the in vivo growth and/or metastasis
of several different tumor types in mice [38, 39, 41]. This
inhibitory effect of Lfcin-induced apoptosis is the result of
neutralization by anionic serum components rather than
proteolytic degradation.

It has been recently shown that LfcinB-induced apoptosis
in B-lymphoma cells does not involve the caspase cascade but
determines apoptosis via the activation of cathepsin B [59].

Mader et al. [60] have shown that LfcinB may interfere
with the interaction of the heparin-binding growth factors
bFGF and VEGF with their receptors on the surface of
endothelial cells, resulting in decreased endothelial cell pro-
liferation and diminished angiogenesis [61]. Although the
exact mechanism by which LfcinB interacts with heparin-
like molecules has not been elucidated yet, it was hypoth-
esized that the affinity that LfcinB displays for heparin-like
structures is the result of electrostatic interactions between
the positive charge of LfcinB and negative charge of heparin
and heparan sulfate.This antiangiogenic activity is dependent
on the primary structure of the peptide since a scrambled
peptide comprised of the same aminoacid residues fails to
effectively compete with bFGF or VEGF for heparin-like
binding sites on endothelial cells.

However, the main limitation of systemic administration
of LfcinB for the antiangiogenic therapy is the susceptibility of
the peptide to enzymatic digestion and inactivation through
interactions with anionic serum components.

4. Conclusions

Peptides derived frommilk protein have been shown to exert
beneficial effects on human health. These biological proper-
tiesmay play an important role in the development ofmedical
foods that treat or mitigate the effects of diseases. Bioactive
peptide preparations have the potential to be used in the
formulation of functional foods and cosmetics and as potent
drugs having well-defined pharmacological effects. With the
rise of consumer concerns about the deleterious effects of
chemical preservatives and the increasing preference for
natural components, milk-derived bioactive substances may
have value in food preservation and nutraceuticals. Applica-
tion of enrichment protocols such as membrane processing
and chromatographic isolation may also be an area of future
interest in the extraction of potent biofunctional peptides
from milk and dairy products and their subsequent utiliza-
tion as functional food ingredients. Molecular studies are
required to clarify the mechanisms by which the bioactive
peptides exert their activities.
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Cyclooxygenase (COX) is a key enzyme in the biosynthetic pathway leading to the formation of prostaglandins, which aremediators
of inflammation. It exists mainly in two isoforms COX-1 and COX-2. The conventional nonsteroidal anti-inflammatory drugs
(NSAIDs) have gastrointestinal side effects because they inhibit both isoforms. Recent data demonstrate that the overexpression of
these enzymes, and in particular of cyclooxygenases-2, promotes multiple events involved in tumorigenesis; in addition, numerous
studies show that the inhibition of cyclooxygenases-2 can delay or prevent certain forms of cancer. Agents that inhibit COX-2 while
sparingCOX-1 represent a new attractive therapeutic development and offer a newperspective for a further use of COX-2 inhibitors.
The present study extends the evaluation of the COX activity to all 203 possible natural tripeptide sequences following a rational
approach consisting in molecular modeling, synthesis, and biological tests. Based on data obtained from virtual screening, only
those peptides with better profile of affinity have been selected and classified into two groups called S and E. Our results suggest
that these novel compounds may have potential as structural templates for the design and subsequent development of the new
selective COX-2 inhibitors drugs.

1. Introduction

The main cause of the inflammation is the prostaglandins
overproduction, which are synthesized by cyclooxygenase
enzymes [1].

Prostaglandin-endoperoxide synthase, commonly called
cyclooxygenase (COX), is an intracellular enzyme required
for the conversion of arachidonic acid to prostaglandins. The
two best-known COX isoforms are referred to as COX-1 and
COX-2 for the order in which they were discovered [2]. The
first isozyme is constitutively expressed in resting cells of
most tissues, functions as a housekeeping enzyme, and is

responsible for maintaining homeostasis (gastric and renal
integrity) and normal production of prostaglandins; vice
versa, the COX-2 expression is induced by infection and it is
responsible for the inflammatory response. Such a difference
suggested to report COX-1 as the constitutive form and
COX-2 as the inducible one. More recently, the constitutive
presence of COX-2 has been highlighted in brain, kidney, and
endothelial cells but is virtually absent in most other tissues.
In particular, COX-2 expression is significantly upregulated
as part of various acute and chronic inflammatory conditions
and in neoplastic tissues. The design of a selective inhibitor
is difficult as the COX-1 and COX-2 binding sites are almost
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identical, and the isoforms show sequence homology of 60–
65%. Experimental 3D models of both enzyme structures
have shown the complexity of the problem.They suggest that
the tertiary conformations of these proteins are very similar,
and the substrate binding pocket and catalytic site amino
acids are nearly identical in both enzymes. In this case, the
only difference is the substitution, at residue position 523, of
the COX-1 Ile by the COX-2 Val that, opening an additional
pocket, results in an enzyme inducible form binding site
larger than the constitutive one. The structural similarities
of COX-1 and COX-2 enzymes have made the development
of selective inhibitors for COX-2 versus COX-1 a special
challenge. Since the discovery of the COX-2 enzyme in the
early 1990s, numerous COX-2 selective inhibitors have been
proposed (Figure 1).

A common structural feature of these selective COX-2
inhibitors is the presence of two vicinal aryl rings attached to
a central five- or six-membered heterocyclic or carbocyclic
motif. Typical examples of selective COX-2 inhibitors like
celecoxib, rofecoxib, valdecoxib, etoricoxib, and SC57666
demonstrate that a broad variety of five- or six-membered
carbo- and heterocycles are acceptable for binding to the
cyclooxygenase active site.

Recent reviews on the current status of COX-2 inhibitors
further confirm the flexibility of the carbocyclic/heterocyclic
coremotif for COX-2 binding [3]. Good results were obtained
with the coxib family, but their secondary effects, especially
affecting the kidney and central nervous system, stimulated
the research towards the most powerful substances with a
lower isoform selectivity. On the basis of the previously
reported information, the present study extends the evalua-
tion of the COX activity to all 203 possible natural tripeptide
sequences following a rational approach consisting in molec-
ular modeling, synthesis, and biological tests.

2. Materials and Methods

2.1.MolecularModeling. ThePDBentries 1Q4G [4] and 1PXX
[5] have been considered as COX-1 and COX-2 receptor
models, respectively.The crystallographic resolution, equal to
2.0 Å for 1Q4G and to 2.9 Å for 1PXX, and the kind of cocrys-
tallized ligands, two reversible NSAIDs, have been the choice
criterion. The original ligands, 𝛼-methyl-4-biphenylacetic
acid and diclofenac, respectively, have been removed, and
hydrogen atoms, missing into the PDB files, have been added
by means of the Maestro GUI [6]. In order to appropriately
take into account structural solvent, all cocrystallized water
molecules, within 5 Å from the protein atoms, have been
included in our preliminary models. Added hydrogen atoms
position has been optimized according to MMFFs [7–10]
force field implemented in MacroModel ver. 7.2 [11]. The
procedure consisted in a preliminary energy minimization
computed applying to all nonhydrogen atoms a constant
force equal to 200KJ/mol⋅Å followed by a further water
molecules unconstrained run. Using the same force field and
the same constraints, both receptor models final structures
have been submitted to 500 ps of molecular dynamics at
300∘K, with an integration time step equal to 1.5 fs. In all

simulation a distance-dependent dielectric constant equals to
4 has been adopted. Such an approach highlighted the most
tightly interacting water molecules that maintained their
position, while the other ones have been moved far from the
receptor models. In order to achieve a fully relaxed confor-
mation, resulting molecular dynamics structures, containing
the tightly interacting solvent molecules only, have been
submitted to unconstrained energy minimization producing
our COX-1 and COX-2 receptor models.

The 3D tripeptides library was built by an in-house
PerlMol Chemistry modules-based software. All possible
combination of 20 the (L)-series natural amino acids have
been considered, and the resulting 8000 tripeptide models
were energy minimized using the same force field reported
for the receptors.

The docking binding site, for both targets, has been
defined by means of a regular box centered onto the protein
chain A Tyr 385. Its volume was about 390,000 Å3 widely
covering COX-1 and -2 binding sites. Glide grid maps have
been computed using the standard precision algorithm. Our
optimized library has been submitted to flexible Glide dock-
ing simulation with respect to both COX receptor models
reducing the ligands van der Waals atom radius by a 0.8
factor. Default Glide interaction energies (ECvdW) have been
adopted for scoring the tripeptide docking poses.

2.2.Materials. 𝑁𝛼-Fmoc-protected amino acids,Wang resin,
HOBt, HBTU, DIEA, piperidine, and trifluoroacetic acid
were purchased from Iris Biotech (Germany). Peptide syn-
thesis solvents, reagents, and CH

3
CN for HPLC were reagent

grade and were acquired from commercial sources (Sigma
Aldrich, Italy) and used without further purification unless
otherwise noted.

2.3. Synthesis. The synthesis of tripeptides (S1–E10) was per-
formed according to the solid phase approach using standard
Fmoc methodology in a manual reaction vessel [12]. The first
amino acid, N𝛼Fmoc-Xaa-OH, was linked onto the Wang
resin (100–200mesh, 1% DVB, 1.1mmol/g) and was attached
to Wang resin using HOBt/HBTU as an activating agent
(3eq.) and a catalytic amount of DMAP.

The following protected amino acids were then added
stepwise: N𝛼-Fmoc-Met-OH, N𝛼-Fmoc-Arg(Pbf)-OH, N𝛼-
Fmoc-His(𝑁

(𝑖𝑚)
trityl (Trt))-OH (or N𝛼-Fmoc-Gln(Trt)-OH)

N𝛼-Fmoc-Gly-OH, N𝛼-Fmoc-Trp(Boc)-OH, N𝛼-Fmoc-
Glu(OtBu-OH, N𝛼-Fmoc-Asp(OtBu)-OH, N𝛼-Fmoc-Phe-
OH, N𝛼-Fmoc-Lys(Boc)-OH, N𝛼-Fmoc-Ala-OH, N𝛼-Fmoc-
Ser(tBu)-OH, and N𝛼-Fmoc-Ile-OH. Each coupling reaction
was accomplished using a 3-fold excess of amino acid with
HBTU and HOBt in the presence of DIEA (6 eq.). The
N𝛼-Fmoc protecting groups were removed by treating the
protected peptide resin with a 25% solution of piperidine
in DMF (1 × 5min and 1 × 25min). The peptide resin was
washed three times with DMF, and the next coupling step
was initiated in a stepwise manner. The peptide resin was
washed with DCM (3×), DMF (3×), and DCM (3×), and the
deprotection protocol was repeated after each coupling step.
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Figure 1: Chemical structures of selective COX-2 inhibitors.

In addition, after each step of deprotection and after
each coupling step, Kaiser test was performed to confirm the
complete removal of the Fmoc protecting group, respectively,
and to verify that complete coupling has occurred on all the
free amines on the resin.

The N-terminal Fmoc group was removed as described
above, and the peptide was released from the resin with
TFA/iPr

3
SiH/H

2
O (90 : 5 : 5) for 3 h. The resin was removed

by filtration, and the crude peptide was recovered by precipi-
tation with cold anhydrous ethyl ether to give a white powder
and then lyophilized.

2.4. Purification and Characterization. All crude peptides
were purified by RP-HPLC on a semipreparative C18-bonded
silica column (Phenomenex, Jupiter, 250 × 10mm) using a
Shimadzu SPD 10A UV/VIS detector, with detection at 215
and 254 nm.

The column was perfused at a flow rate of 3mL/min with
solvent A (10%, v/v, water in 0.1% aqueous TFA), and a linear
gradient from 10 to 90% of solvent B (80%, v/v, acetonitrile
in 0.1% aqueous TFA) over 40min was adopted for peptide
elution. Analytical purity and retention time (tR) of each
peptidewere determined usingHPLC conditions in the above
solvent system (solvents A and B) programmed at a flow rate
of 1mL/min using a linear gradient from 10 to 90% B over
25min, fitted with C-18 column Phenomenex, Jupiter C-18
column (250 × 4.60mm; 5 𝜇).

All analogues showed >97% purity when monitored at
215 nm. Homogeneous fractions, as established using analyt-
ical HPLC, were pooled and lyophilized.

Peptides molecular weights were determined by ESI
mass spectrometry. ESI-MS analysis in positive ion mode,
were made using a Finnigan LCQ ion trap instrument,
manufactured by Thermo Finnigan (San Jose, CA, USA),

Table 1: Structures and analytical data of tripeptides synthesized.

Peptide Structure HPLC ESI-MS Yield
tR found calc

S1 GMD 10.50 322.08 321.10 75%
S2 ERA 9.99 375.3 374.19 80 %
S3 GHE 8.08 342.14 341.13 67%
S4 GER 10.00 361.17 360.18 80%
S5 DRC 9.89 393.20 392.15 62%
S6 ARA 10.46 317.24 316.19 68%
S7 PER 8.87 401.40 400.21 81%
S8 KHI 10.98 397.11 396.25 80%
S9 AER 11.00 375.32 374.19 75%
S10 AGR 9.03 303.34 302.17 79%
E1 SRH 8.95 399.30 398.20 68%
E2 SWE 8.04 421.0 420.16 69%
E3 IRT 8.03 389.3 388.24 76%
E4 SMD 8.00 342.16 351.11 78%
E5 GRN 8.43 346.2 345.18 65%
E6 SHE 8.68 372.17 371.14 76%
E7 SQE 8.45 363.17 362.14 67%
E8 SMH 9.46 374.26 373.14 75%
E9 ARM 8.03 377.6 376.19 77%
E10 AQE 9.97 347.0 346.15 76%
tR: peptide retention time.

equipped with the Excalibur software for processing the data
acquired.The sample was dissolved in a mixture of water and
methanol (50/50) and injected directly into the electrospray
source, using a syringe pump, which maintains constant flow
at 5 𝜇L/min.The temperature of the capillary was set at 220∘C
(Table 1).
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2.5. Biological Assay

2.5.1. Preparation of Washed Platelets. Washed human plate-
lets were prepared from blood anticoagulated with citrate-
phosphate-dextrose, which was obtained from Centro de
Transfusion de Galicia (Santiago de Compostela, Spain).

Bags containing buffy coat from individual donors were
diluted with the same volume of washing buffer (NaCl,
120mM; KCl, 5mM; trisodium citrate, 12mM; glucose,
10mM; sucrose, 12.5mM; pH 6) and centrifuged at 400 g
for 9min. The upper layer containing platelets (platelet-
rich plasma) was removed and centrifuged at 1000 g for
18min. The resulting platelet pellet was recovered, resus-
pended with washing buffer, and centrifuged again at 1000 g
for 15min. Finally, the platelet pellet from this step was
resuspended in a modified Tyrode-HEPES buffer (HEPES
10mM; NaCl 140mM; KCl 3mM; MgCl

2
0.5mM; NaHCO

3

5mM; glucose 10mM; pH 7.4) to afford a cell density
of 3–3.5⋅108 platelet/mL. The calcium concentration in the
extracellular medium was 2mM [13].

2.5.2. hCOX Activity. The potential effects of the test drugs
on total hCOX activity (bis-dioxygenase and peroxidase
reactions) were investigated by measuring their effects on the
oxidation of N,N,N,N-tetramethyl-p-phenylenediamine
(TMPD) to N,N,N,N-tetramethyl-p-phenylenedaimine,
using AA as common substrate for both hCOX-1 and hCOX-
2, microsomal COX-2 prepared from insect cells (Sf21
cells) infected with recombinant baculovirus containing
cDNA inserts for hCOX-2 (Sigma Aldrich Quı́mica S.A.,
Alcobendas, Spain), and COX-1 from human platelet
microsomes (obtained as described in the above paragraph
since, unlike hCOX-2, hCOX-1 is not available commercially)
[14].

3. Results and Discussion

3.1. Design. The purpose of this work consists in the identifi-
cation of new peptide ligands for COX that show, compared
to the current state of the art, a greater power, a lower toxicity,
and a high average degree of selectivity.

In particular, the attention has been focused on cyclooxy-
genase 2 (COX-2) as it has been recently shown to promote
multiple events in the tumorigenesis process [15]. Several
reports indicate that COXs inhibitors can prevent the devel-
opment of various human tumors including colon, breast,
lung, liver, and gastric neoplasias [16–20].

For several types of cancer, the real risk factor seems to
be chronic inflammation that maintains a high level of COX-
2 and increases events that promote tumor formation. A
tragic example of this mechanism ismalignantmesothelioma
(MM), a rare tumor of the mesothelial surface of the pleural
and peritoneal cavities [21].

The aim of this study is to demonstrate the possibility
of modulation of the activity of COX through peptides that
may be found in sites in which the inflammatory process is in
place.

To achieve this goal, we relied on the data reported in the
literature, focused the attention on the structure of COX-2.
One of the known potent inhibitors of COX-2 is SC-558 (a
dyaril heterocyclic inhibitor) which contains a bromophenyl
ring, a pyrazole group, and a phenylsulphonamide moiety.
Most of the sulphur containing NSAIDs are selective COX-
2 inhibitors, and this sulphur atom reduces the toxicity of the
compound.

Using this information, in a recent work, Somvanshi et al.
have designed and synthesized several tripeptide sequences
containing a hydrophobic amino acid with aromatic ring, a
cysteine residue which contains sulphur atom, and a charged
residue at the C-terminal end [1]. In particular, 15 tripeptides
were screened by ELISA test and the best of them, tripeptide
WCS, inhibited more than 85% of the COX-2 activity.

Though the chemical nature of sulphur atom of sulphon-
amide group in SC-558 and in cysteine residue is different,
still similarities in binding constant of peptide with known
NSAIDs SC-558were observed.Thus, preventing the reaction
of substrate arachidonic acid with the enzyme supports
the possibility of peptide WCS as potent and competitive
inhibitor of COX-2. As the phenyl ring of SC-558 interacts
with residues in hydrophobic cavity of COX-2 formed by Phe
381, Leu 384, Tyr 385, Trp 387, Phe 518, and Ser 530, it can
be assumed that the aromatic ring of tryptophan residue of
peptide will also interact with residues in hydrophobic cavity.
The free carboxylate group of the peptide can electrostatically
interact to Arg 120.WCS can be considered as a potential lead
compound for developing a new class of COX-2 inhibitors.

Extending the study of Somvanshi et al. [1], we have
built a complete tripeptide virtual library containing all
possible combinations of the 20 (L)-series natural amino
acids. The COX-1 and -2 binding pocket recognition, of
the 8000 library hits, has been investigated by means of
molecular docking techniques, and the resulting complexes
stability has been evaluated using the theoretical ligand-
enzyme binding energies. The selection of the peptides, for
the experimental tests, has been driven by their affinity with
respect to both COX isoforms. Such a task has been carried
out by computing the ratio between COX-2 and COX-1
peptide interaction energy. The top two COX-2 interacting
compounds, still maintaining affinity for the COX-1, and one
theoretically inactive peptide have been selected. The first
couple corresponds to the sequences Gly-Met-Asp (GMD)
and Gly-His-Glu (GHE), while the last one is Tyr-Tyr-Val
(YYV). GMDandGHE showed a strong recognition toCOX-
2 and a weaker interaction to COX-1; YYV was unable to fit
into both binding pockets due to its steric hindrance (Table 2).

The graphical inspection of the GMD and GHE COXs
complexes revealed, for both peptides, remarkable different
recognition of the two enzymes (Figure 2).

In all cases our compounds have occupied the known
NSAID binding pocket. Interestingly, the number of enzyme
interacting residues, comprise between 21 and 26, is quite
similar, but the COX-2 hydrogen bond network is much
better than COX-1 and could explain the selectivity of our
ligands. COX-2 Ser 530 side chain is involved in hydrogen
bond to GMD backbone and, through a water molecule
bridge, to the carboxylate groups of both our active peptides.
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Figure 2: COX-1 (a) and (b) and COX-2 (c) and (d) recognition of GMD and GHE. Tripeptides are depicted in polytube CPK colored
notation, interacting enzyme residues in green carbons wireframes, HEME cofactor in green carbons spacefill, and the rest of the enzyme is
showed in transparent green cartoon. Yellow dotted lines indicated hydrogen bond interaction.

Table 2: COXs theoretical binding energies (be) in kcal/mol,
number of van der Waals interacting enzyme residues (ir), and
intermolecular hydrogen bonds (hb).

Peptide COX-1 COX-2
be ir hb be ir hb

GMD −1.20 23 1 −39.87 21 3
GHE −0.56 25 0 −42.15 26 5
YYV — — — — — —

Tripeptide carboxylate moieties are, also, involved in hydro-
gen bonds to COX-2 catalytic Tyr 385. GHE still reports such
an interaction between its protonated N-terminal and Leu
352 backbone. Even if GMD, through its C-terminal, shows
one hydrogen bond to Tyr 355 and favorable electrostatic
interaction to COX-1 Arg 120, the steric hindrance of COX-
1 Ile 523, bulkier than COX-2 Val, limits the enzyme cleft
recognition preventing our compounds, in particular GHE,
from establishing hydrogen bonds highlighted inCOX-2.The
remaining part of contribution to the COXs recognition of
our peptides could be addressed an unspecific van der Waals
interaction.

At the same time, based on data obtained from virtual
screening, only those peptides with better profile of affinity
have been selected and classified into two groups called S
and E (Table 1). The first group includes 10 sequences capable
of interacting with both enzymatic isoform, but with a clear
preference towards COX-2. In the second group are placed
further 10 tripeptides, which have shown affinity exclusively
for COX-2 and no reconnaissance towards COX-1.

3.2. Chemistry. All peptides S1-E10 were synthesized by stan-
dard 9-fluorenylmethoxycarbonyl (Fmoc) chemistry using
an appropriate orthogonal protection strategy. Peptides were
released from the solid support using a cleavage cocktail of
90% TFA, 5% water, and 5% Et

3
SiH. All analogues showed

>97% purity at HPLC analysis.

3.3. Anti-infiammatory Activity. The biological assays were
carried out to evaluate the inhibitory activity against COX-
2 by the group of Professor Dr. Francisco Orallo, Department
of Pharmacology, Faculty of Pharmacy,University of Santiago
de Compostela, Spain.

Results shown in Table 3 are expressed as means ± SEM
from five experiments. Means were compared by one-way
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Table 3: Inhibitory activity of compounds synthesized and selectiv-
ity against COX-2 over COX-1.

COX-1 (IC50) COX-2 (IC50) Ratio
Indometacina 12.16 ± 1.16𝜇M 35.20 ± 1.41 𝜇M 2.9
Diclofenac 18.23 ± 1.73𝜇M 23.62 ± 1.97 𝜇M 1.3
FR122047 93.80 ± 6.55 𝜇M ∗∗∗ >1.066a

Nimesulide ∗∗∗ 231.40 ± 19.84 𝜇M <0.46a

DuP697 22.61 ± 1.56 𝜇M 126.32 ± 7.41 𝜇M 0.0056
S1 150.33 ± 2.34 𝜇M 94.04 ± 2.59 𝜇M 0.6255
S2 143.21 ± 2.57 𝜇M 120.92 ± 2.33 𝜇M 0.8443
S3 152.44 ± 5.18 𝜇M 94.89 ± 2.12𝜇M 0.6225
S4 99.32 ± 1.14𝜇M 80.56 ± 2.14 𝜇M 0.8111
S5 161.43 ± 2.57 𝜇M 100.01 ± 2.33 𝜇M 0.6195
S6 102.31 ± 1.14𝜇M 91.20 ± 2.41 𝜇M 0.8914
S7 100.33 ± 2.19 𝜇M 88.21 ± 3.01 𝜇M 0.8792
S8 122.48 ± 3.78 𝜇M 91.66 ± 2.98 𝜇M 0.7484
S9 221.57 ± 1.04𝜇M 68.34 ± 5.43 𝜇M 0.308
S10 99.11 ± 1.55 𝜇M 79.20 ± 2.15𝜇M 0.7991
E1–E10∗∗ — — —
Significant differences between the two means (P < 0.05 or P < 0.01)
were determined by one-way analysis of variability (ANOVA) followed by
Dunnett’s post hoc test.
∗∗∗No active at 500𝜇M (the highest concentration tested).
aValue obtained whereas the corresponding IC50 to COX-1 or COX-2 is the
highest concentration tested.
∗∗Data not shown.

analysis of variance (ANOVA) followed by Dunnett’s post-
hoc test. The inhibitory effects of the tested compounds are
expressed as IC50 (concentrations that produce reduction of
50% of the enzymatic activity of COX control isoform) esti-
mated by least-squares linear regression using the program
Origin 5.0, with X = log molar concentration of the tested
compounds and Y = % of pharmacological response.

This regression was performed using the data obtained
with 4–6 different concentrations of each compound assayed,
which inhibited the enzymatic activity of COX control
isoform between 20 and 80%.

Finally, they were calculated the corresponding indices of
selectivity (SI) of COX-1. SI = [IC

50
(COX-2)]/[IC

50
(COX-1)].

As demonstrated by the virtual screening, all twenty
tripeptides show a greater selectivity against COX-2 over
COX-1.

In particular, peptide S9 shows a very interesting profile
of both selectivity and inhibitory potency towards COX-2; in
fact, the selectivity index between COX-2 andCOX-1 is about
0.308, more selective than the nimesulide that has an index
of about 0.46; moreover, this peptide also shows an increase
in activity compared to the same drug (68.34 ± 5.43 𝜇M S9
activity, 231.40 ± 19.84 𝜇M nimesulide activity).

Analyzing biological data, depending both on the chem-
ical structure that the values of the energies of binding, the
peptides S9, S10, S7 and S4 show an analogous biological
profile (selectivity and affinity).

However, a complete analysis of the structure-activity
relationship of these peptides cannot be performed because of
the small number of peptides that limit the goodness of this

report. It is possible to highlight two important aspects: the
guanidine group of Arg at C-terminal and the carboxyl group
in the side chain of the second amino acid are requirements
for the interaction with the target, while all peptides that have
a carboxyl group in the side chain on the first amino acid
show a loss of selectivity that of affinity; the aromatic group
present in WCS, peptide lead, is not essential to interact with
the target.

In conclusion, previously reported peptides seem to
reflect too high potency and selectivity; instead, peptides of
series E do not result selective for COX-2 (data not shown).
Further studies for the peptides E1–E10 are in progress.

4. Conclusion

There is an increasing interest in the development of new
treatments based on cyclooxygenases-2 inhibitors, to prolong
survival and even potentially cure various forms of cancer, as
malignant mesothelioma.

The present study describes hit identification, synthesis,
and biological evaluation of a series of linear tripeptides,most
of them are able to selectively inhibit COX-2. Further, other
experiments aimed to verify the potentiality of these peptides
as anticarcinogenic drugs; as well as the preparation of novel;
more potent and selective peptidomimetic derivatives are in
progress.

Abbreviations used for amino acids follow the rules of the
IUPAC-IUB Commission of Biochemical Nomenclature in J.
Biol. Chem. 1972, 247, 977-983. Amino acid symbols denote
L-configuration.

Abbreviations

DMAP: 4-dimethylamino-pyridine
TFA: Trifluoroacetic acid
DCM: Dichloromethane
DIPEA: N,N-diisopropylethylamine
DMF: N,N-dimethylformamide
Et
3
SiH: Triethylsilane

Fmoc: 9-fluorenyl-methoxycarbonyl
HOBt: N-hydroxy-benzotriazole
HBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium
hexafluoro-phosphate

RP-HPLC: Reversed-phase high performance liquid
chromatography

ESI: Electrospray ionization
LC-MS: Liquid chromatography-mass

spectrometry
Pbf: 2,2,4,6,7-pentamethyldihydrobenzofuran-

5-sulfonyl.
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Urotensin-II was originally isolated from the goby urophysis in the 1960s as a vasoactive peptide with a prominent role in
cardiovascular homeostasis.The identification of human isoform of urotensin-II and its specific UT receptor by Ames et al. in 1999
led to investigating the putative role of the interaction U-II/UT receptor in multiple pathophysiological effects in humans. Since
urotensin-II is widely expressed in several peripheral tissues including cardiovascular system, the design and development of novel
urotensin-II analogues can improve knowledge about structure-activity relationships (SAR). In particular, since the modulation
of the U-II system offers a great potential for therapeutic strategies related to the treatment of several diseases, like cardiovascular
diseases, the research of selective and potent ligands at UT receptor is more fascinating. In this paper, we review the developments
of peptide and nonpeptide U-II structures so far developed in order to contribute also to a more rational and detectable design and
synthesis of new molecules with high affinity at the UT receptor.

1. Introduction

Urotensin-II (U-II) belongs to a series of regulatory neu-
ropeptides first isolated from the urophysis of the teleost fish
Gillichthys mirabilis by Karl Lederis and Howard Bern in the
1960s. This cyclic peptide derived from goby fish, H-Ala-
Gly-Thr-Ala-Asp-c[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-OH, was
originally characterized on the basis of its interesting smooth
muscle contracting and hypertensive effects. It has been long
considered that U-II was exclusively produced by the fish
urophysis [1]. However, the identification of U-II from the
brain of a frog [2, 3] has shown that the cDNA encoding
prepro-U-II exists in several species of vertebrates. Moreover,
the gene is expressed not only in the caudal portion of the
spinal cord but also in brain neurones, from frogs to humans
[4]. In fact, urotensin-II isopeptides are present in several
species of vertebrates, and although the amino acid sequence
in the N-terminus of urotensin-II peptides diverges across

species, the cyclic hexapeptide sequence, c[Cys-Phe-Trp-
Lys-Tyr-Cys], is conserved in all isoforms (Figure 1, orange
residues).

The length of urotensin-II peptides is variable across
species and it ranged from 17 amino acid residues in mice
to 11 in humans, depending on the proteolytic cleavages
that occur in precursors. The N-terminus region of U-II
is highly variable among animal species [5], whereas the
C-terminal amino acids, organized in a disulphide-linked
cyclic array, c[Cys-Phe-Trp-Lys-Tyr-Cys], are continuously
conserved from species to species, suggesting their primary
role in the biological activity [6]. In addition, the goby
isoform of U-II exhibits some structural similarities with
somatostatin-14 concerning especially the presence of a
disulphide-linked cyclic core at their C-terminus portion
containing the biologically active domain Phe-Trp-Lys [7].
Moreover, the characterization of cDNA encoding carp pro-
U-II has shown that the U-II and somatostatin-14 precursors
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share a common structure organization since the active
peptides are both located at the C-terminal portion of the
precursors [8]. Later, once the UT receptor was identified as a
member of somatostatin receptor family, some somatostatin-
like peptides containing a disulphide bridge, such as human
melanin-concentrating hormone (MCH), somatostatin-14,
cortistatin-14, and octreotide, were screened on UT receptor
in order to compare the resulting biological activities with
that of the endogenous U-II [9]. By these observations it was
established that U-II represented the only endogenous ligand
with high affinity for the somatostatin-like receptor named
UT receptor.

The human UT-II (hU-II) is a cyclic undecapeptide, H-
Glu-Thr-Pro-Asp-c[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-OH, rec-
ognized as the natural ligand of an orphan G-protein coupled
receptor, first named as a rat receptor with high affinity
for U-II, GPR14 [10–12]. Subsequently, a human G-protein
coupled receptor showing 75% similarity to the orphan rat
receptor was cloned and renamed UT receptor by IUPHAR
[13]. The role of UT receptor has been continuously inves-
tigated and nowadays it is commonly accepted that it is
widely distributed in the CNS and in different peripheral
tissues including cardiovascular system [14], kidney, blad-
der, prostate, and adrenal gland [10, 15–17]. This exten-
sive expression has revealed the multiple pathophysiological
effects mediated by the hUT/UT receptor interaction such as
cardiovascular disorders (heart failure, cardiac remodelling,
and atherosclerosis), smooth muscle cell proliferation, renal
disease, diabetes, and tumour growth [18]. Nevertheless, UT
receptor is especially expressed in vascular smooth muscle,
endothelium, and myocardium and plays a key role in the
regulation of the cardiovascular homeostasis. Furthermore,
this receptor has much structural homology to members of
the somatostatin and receptor family and it could be activated
by somatostatin-14 and cortistatin at micromolar doses [10].
The gene coding for the UT receptor has been located in
chromosome 17q25.3 [19].

The hU-II binds with high affinity to this receptor, result-
ing in intracellular calcium mobilization via phospholipase
C-dependent increase in inositol phosphates. In isolated rat
thoracic aorta fragments hU-II induces contractionmediated
by two distinct tonic and phasic components. However, its
vasoconstrictor activity is well observed in primate arteries,
in which it causes a concentration-dependent contraction
of isolated arterial rings with an EC

50
value less than 1 nM,

meaning a 10-foldmore potency than endothelin-1. However,
the in vivo effects can depend on the species, type of
blood vessel, concentration of U-II, route of administration,
and results of tissue and species in exam, and they can
be also contradictory. Accordingly, the peptide also elicits
vasodilatory effects on the small arteries of rats and on the
resistance arteries of humans, probably due to the release
of endothelium-derived hyperpolarizing factor and nitric
oxide [20]. In a healthy human, U-II behaves as a chronic
regulator of vascular tone rather than influencing tissues in
a phasic manner [21]. U-II binds to its receptor in a “pseudo-
irreversible” manner, and slow dissociation rate from the UT
receptor leads to prolonged activation of the receptor and a
functionally silent system [22]. This state of homeostasis is

altered since pathogenesis of several cardiovascular disorders
provokes anupregulation ofUT receptor andofU-II resulting
in vasoconstriction.

To date, findings in molecules with high affinity to the
urotensin-II system has led to discovering new ligands,
peptide, and nonpeptide analogues. This review is aimed at
investigating the structure-activity relationship on urotensin-
II system by analyzing peptide and nonpeptide structures so
far developed in order to contribute also to a more rational
and detectable design and synthesis of new molecules with
high affinity at the UT receptor.

2. SAR Studies on U-II

The potential therapeutic application of urotensin-II system
has continuously stimulated structure-activity relationship
studies (SARs), which could elucidate the structural features
of this important hormone. On the other hand, the discovery
of new analogues acting as agonist or antagonist is extremely
important to explore the physiological role of hU-II. First
structural studies performed on U-II by nuclear magnetic
resonance (NMR) spectroscopy [23–25] have revealed that
the peptide adopted a preferential conformation both in
DMSO and water solution, which did not show any classical
secondary structures. Amino acids in the core region of U-
II are identified in a highly compact conformation with the
formation of a hydrophobic pocket, inwhichAla4, Phe7, Trp8,
and Val12 are projected on the same side of the molecule
being at least in part important residues for the binding site.
In contrast, hU-II and some analogues resulted to be fold in
defined secondary structure when dissolved in SDS solution,
a membrane mimetic environment [26].

Subsequently, with the aimof investigating the role played
by the exocyclic region in the receptor interaction, a series
of truncated peptides related to hU-II has been investigated.
Truncation studies are of prime importance for the detection
of theminimal sequence of peptide required to retain the bio-
logical activity. The effect of sequential deletion of exocyclic
residues from N- or C-termini in hU-II sequence does not
appear to be significant in the calcium-mobilizing potency
and efficacy, whereas the removal of any residue that belongs
to the cyclic region determines reduction or total absence of
the biological activity.The shortest and fully potent sequence
of U-II was individuated in the octapeptide U-II

(4–11), H-
Asp-c[Cys-Phe-Trp-Lys-Tyr-Cys]Val-OH, that preserves the
potency at the human UT receptor, showing similarity to
somatostatin-14 in which truncation of the segment led to
active analogues.

The importance of a free amino group in the N-terminal
of the resulted octapeptide U-II

(4–11) was evaluated by its
modification in the succinoyl derivative performed in 2002 by
Coy et al. [27].The peptide was extremely potent according to
data from the biological activity, EC

50
= 0.12 ± 0.03 nM, and

binding affinity,𝐾
𝑖
= 1.14±0.01 nM and𝐾

𝑖
= 1.65±0.04 nM,

at human and rat UT receptor, respectively. Additional
dicarboxylic residues introduced in substitution of Asp4 have
showed similar results. Furthermore, the replacement of this
amino acid with the corresponding amidated Asn gives a
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Figure 1: A comparison of urotensin-II (U-II) isopeptides sequences isolated from different species of vertebrates.

Table 1

Name Peptide sequence
PRL-2903 H-4Fpa-c[Cys-Pal-DTrp-Lys-Tle-Cys]-Nal-NH2

SB-710411 H-Cpa-c[DCys-Pal-DTrp-Lys-Val-Cys]-Cpa-NH2

BIM-23127 H-D(2)Nal-c[Cys-Tyr-DTrp-Orn-Val-Cys]-(2)Nal-NH2

BIM-23042 H-DNal-c[Cys-Tyr-DTrp-Lys-Val-Cys]-(2)Nal-NH2

[Orn8]U-II H-Glu-Thr-Pro-Asp-c[Cys-Phe-Trp-Orn-Tyr-Cys]-Val-OH
P5U H-Asp-c[Pen-Phe-Trp-Orn-Tyr-Cys]-Val-OH
Urantide H-Asp-c[Pen-Phe-DTrp-Orn-Tyr-Cys]-Val-OH
UFP-803 H-Asp-c[Pen-Phe-DTrp-Dab-Tyr-Cys]-Val-OH
URP H-Ala-c[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-OH
Urocontrin H-Bip-c[Cys-Bip-Trp-Lys-Tyr-Cys]-Val-OH
GSK248451 H-Cin-c[DCys-Pal-DTrp-Orn-Val-Cys]-His-NH2

compound that retains a full activity in all three assay systems,
suggesting that in this position an amino acid negatively
charged in the side chain is not required. However, the
Nle4-analogue lacks of potency showing that the –CH

2
COX

carbonyl group present in both the Asp and Asn side chains
is important probably because of its possibility to act as an
acceptor for hydrogen bond with the UT receptor. The side
chain can also contain an aromatic ring substitutedwith polar
groups such as OH and NO

2
, which is of great interest in the

development of antagonists based on the previously identified
somatostatin antagonist octapeptides.

The cyclic structure is essential for hU-II and McMaster
et al. in 1986 [28] reported a lack of biological activity for
the corresponding “ring-opened” analogue. In 2002 Grieco
et al. considered the replacement of the disulphide bridge by
a side-chain-to-side-chain lactam bridge in accordance with
observations on several biologically relevant peptides, such

as conotoxins, endothelin-1, and somatostatin analogue that
gave interesting results by the same modification [29]. Start-
ing from the minimum active fragment U-II

(4–11), introduc-
tion of the lactam bridge in an appropriate length led to pep-
tides that maintain bioactivity to the detriment of potency,
suggesting that the size of the lactam bridge is a crucial
parameter. Peptide analogues synthesized in this study were
characterized by ring-closing sequence that ranges from 20
to 24 atoms and, interestingly, the smallest peptide sequence,
having the same length as the native peptide containing the
disulphide bridge, does not show any biological activity. In
contrast, peptide analogue characterized by a larger ring,
containing Orn and Asp as residues in the 22 atoms lactam
bridge, behaved as a full agonist, but was approximately 100-
fold less potent than hU-II.Thus, replacement of the Cys-Cys
cyclic motif could be well tolerated by an appropriate longer
lactam bridge despite the partial loss of activity, probably
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due to the different orientation of the key amino acid side
chains. However, in a later work performed by Foister et al.
in 2006 [30] a cyclic “cysteine-free” hexapeptide derivative of
U-II, in which Tyr9 was replaced with a 𝛽-naphthylalanine
residue, [Ala-Phe-Trp-Lys-(2)Nal-Ala], bounds the human
UT receptor with higher affinity (𝐾

𝑖
= 2.8 nM) than

the corresponding disulphide-bridged truncated hexapeptide
U-II
(5–10) (𝐾𝑖 = 95 nM). Furthermore, modifications of

the Cys5–Cys10 disulphide bridge, such as the macrocyclic
lactam and the penicillamine-derived disulphide moiety,
could chemically stabilize and restrict the conformational
flexibility of the biologically active cyclic hexapeptide core
sequence. In particular, penicillamine residue in replacement
of Cys5 resulted to be very useful in order to obtain a potent
agonist, [Pen5]hU-II

(4–11), subsequently renamed P5U [29].
As potent agonist with reduced conformational flexibility,
Lavecchia et al. performed subsequent NMR study in DMSO
on this peptide in 2005 [31]. The positions of Lys8 amino
group and Tyr9 aromatic side chain were in proximity with
a distance of 6.2 Å and Trp7 indole and Lys8 amine were
separated by 5.6 Å. Docking of P5U into a hUT homology
model based on the structure of bovine rhodopsin revealed
interesting points of interaction. The Lys8 interacts primarily
with Asp130, as well as with residues of Tyr100 and Tyr305;
Tyr9 is accommodated in a binding pocket defined by Lys212,
Val296, Ala281, andTrp277 particularly involved in a𝜋-stacking
interaction, and the indole NH of Trp7 binds to the carbonyl
of Tyr298.

In the structure-function study performed by Kinney
et al. in 2002 [32], an alanine scan of truncated goby U-
II demonstrated that the replacement of Trp, Lys, and Tyr
is crucial for the maintenance of biological activity. The
sequence Trp-Lys-Tyr within U-II is essential for binding and
activation of the receptor, indicating that the hydrophobic
side chains of Trp7 and Tyr9 and the positive charge of
Lys8 represent pharmacophoric elements. Moreover, NMR
studies performed by Flohr et al. in 2002 [24] revealed
that the distances between the pharmacophoric points are
key elements in the development of SAR. Accordingly, first
NMR studies applied to the receptor-unbound hU-II in water
were developed in order to provide for a putative agonist
pharmacophore. Structural model showed the Lys8 amino
group and Tyr9 aryl ring being in proximity with a distance
of 6.4 Å; the Trp7 and Tyr9 were separated by 12.2 Å, and
Trp7 aromatic residue and Lys8 amino group were separated
by 11.3 Å. Later, another agonist pharmacophore model was
performed by studying conformation adopted by a less potent
analogue without Val residue, that is, Ac-[Cys-Phe-DTrp-
Lys-Tyr-Cys]-NH

2
(200-fold less potent than hUT-II). Since

this peptide was more closely similar to the receptor-bound
conformation, this structural model suggested new distances
between pharmacophoric elements of Trp-Lys-Tyr sequence
(Lys8 amino group and Tyr9 aryl ring at 11.1 Å, Trp7 and
Tyr9 aryl residues separated by 8.3 Å, and Trp7 aryl and
Lys8 amino groups separated by 13.7 Å). Flohr et al. also
studied the substitution of amino acids in the hexacyclic part
of hU-II sequence with the corresponding D isomers. This

led to dramatic decrease of the agonist activity, suggesting
the importance of the side chains of these amino acids and
their spatial orientation for interaction with the UT receptor;
surprisingly, stereoinversion of L-Trp in D-Trp does not show
a significant change of the EC

50
value versus the endogenous

ligand. The role of Lys8 was also investigated by replacing it
with lipophilic amino acids and hydrophilic nonbasic amino
acids that produce inactive peptides [33]. Thus, positive
charge represented by primary aliphatic amine of Lys in
position 8 is essential for the biological activity. However,
reducing the distance of the primary aliphatic amine from
the peptide backbone led to a progressive reduction of both
potency and efficacy. [Orn8]U-II analogue showed a weak
contraction of rat aorta strips corresponding to about 20%
of the U-II maximal effect at micromolar concentrations.
In position 9 the –OH group of Tyrosine was proved to
be replaced with –OCH

3
, –NO

2
, –CH

3
, –F, –H, and –NH

2

obtaining any improvement in potency or efficacy, except for
3-iodo-Tyr residue that produced a full UT receptor agonist,
6-fold more potent than the natural peptide.

A further and useful attempt to alter potency and efficacy
versus UT receptor was represented by the introduction of
nonnatural amino acids into the sequence [32]. Replacement
of the Tyr residue with the bulkier 2-Nal [(2-naphthyl)-L-
alanine] in the goby U-II sequence showed similar potency
in agonist activity (with a value of EC

50
= 0.34 ± 0.1 nM

than the value for the goby U-II, EC
50
= 0.17 ± 0.05 nM)

in the functional assay and a 6-fold improvement in affinity
in the binding assay (𝐾

𝑖
= 0.04 ± 0.02 nM), presumably

due to enhanced hydrophobic interactions in the tyrosine-
binding pocket. In contrast, the Bip residue, [(2-biphenyl)-
L-alanine] did not show equal result, confirming that larger
groups are not well accommodated. In this work, Kinney et
al. also provided for a novel agonist pharmacophore model
through the docking of goby UT-II into a rat UT receptor
homologymodel. According to this modelling study, the Lys8
amino group of the ligand was essential for the interaction
with Asp130 on transmembrane helix TM3 of UT receptor,
with the binding cavity drawn by the extracellular loops that
strengthened the accommodation of the ligand.The distances
characterized for the pharmacophoric sequence were 11.2 Å
between the Lys8 amino and Tyr9 aryl groups, 8.4 Å between
the indole Trp7 and Lys8 amine, and 8.2 Å between the Trp7
and Tyr9 aryl groups.

3. Peptide Ligands

As mentioned above, the human U-II is involved in several
pathophysiological pathways of disorders especially regard-
ing cardiovascular system along with the observation that
the interaction U-II/UT receptor regulates the contractility
and growth properties of cardiac and peripheral vascular
vessels led to identifying selective ligands. In particular,
since the modulation of the U-II system offers a great
potential for therapeutic strategies related to the treatment of
cardiovascular diseases, the research of selective compounds
is more intriguing.
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Based on the search for a definitive pathophysiological
role for U-II and its receptor in the cardiovascular home-
ostasis and aetiology of relating disorders, the design of
suitable tool compounds of peptide or nonpeptide nature
could be of significant utility. New molecules may assist in
determining this role by the development of selective UT
receptor antagonists.

Therefore, first attempts came out from observations on
somatostatin system, due to sharing sequence peculiarities
between hU-II and somatostatin. Indeed, some somato-
statin analogues such as PRL-2903 Table 1, H-4Fpa-c[Cys-
Pal-DTrp-Lys-Tle-Cys]-Nal-NH

2
, resulted in the ability to

block the hU-II-induced rat aorta ring tone at micromolar
concentrations, although it showed low species selectivity
[34]. Another peptide somatostatin analogue, described by
Coy et al. in 2000, showed moderate affinity for UT receptor.
This peptide, named SB-710411, H-Cpa-c[DCys-Pal-DTrp-
Lys-Val-Cys]-Cpa-NH

2
, was able to inhibit U-II-induced

contraction in rat isolated thoracic aorta in a surmount-
able manner (𝑝𝐾

𝑏
= 6.28) [35]. Exposure to 10 𝜇M SB-

710411 causes a significant shift in the agonist concentration-
response curve with no suppression of the 𝐸max, suggesting
that it acts as a competitive antagonist. In contrast, SB-
710411 did not alter the contractile efficacy of angiotensin-II,
phenylephrine, or KCl, although it potentiated the contractile
response to endothelin-1 in the isolated rat aorta. However,
since little was known about the pharmacology of this ligand
in other species, Behm et al. in 2004 [36] reported their obser-
vations on the pharmacological effects at the rat and monkey
recombinant UT receptor because of the weak homology
between rodent and primate UT receptors (∼76% of homol-
ogy than the homology between monkey and human UT
receptor that are about 97% identical) [37]. SB-710411 acts as a
ligand for both the recombinant rat andmonkey UT receptor
(30–150 nM affinities, 56- and 87-fold less potent than U-
II, resp.). However, functional behaviour of this peptide at
these two UT receptor orthologous differs radically. As was
reported previously, SB-710411 itself did not promote inositol
phosphate formation but inhibited the agonistic actions of
U-II in the rat aorta [35]. In contrast to the rat, SB-710411
behaved as a full agonist at the recombinant monkey UT
receptor, inducing the maximal response although EC

50
was

approximately 100-fold less potent than U-II. Thus, despite
the antagonistic effects of SB-710411 observed at the rat UT
receptor, this peptide acts as a full agonist at the monkey UT
receptor. These findings suggest that the functional response
ofUT receptormodulators at the rodentUT receptor does not
necessarily predict the functional response at nonrodent UT
receptors, and the incoherence could result from alterations
in receptor number and/or coupling efficiency as well as
Camarda et al. in 2002 [38] proposed for a different UT
receptor ligand, [Orn8]hU-II.

As cyclosomatostatin octapeptide analogue that shares
structural similarities with SB-710411, the peptide neu-
romedin B receptor antagonist BIM-23127, H-D(2)Nal-
c[Cys-Tyr-DTrp-Orn-Val-Cys]-(2)Nal-NH

2
[39], was inves-

tigated by functional activity at recombinant and native UT
receptors [40].The effect of increasing concentration of BIM-
23127 on hU-II-induced intracellular calcium mobilization

O

HN

HNN

NH2

Figure 2: Structure of S7616.

in HEK293 cell lines expressing either the human or rat UT
receptor was evaluated by generating hU-II concentration-
response curves. These were indeed shifted progressively
to the right in a parallel manner with no changes in
the maximum response to hU-II, suggesting competitive
antagonism. Moreover, BIM-23127 showed about 0.5 log
unit lower affinity in competition binding experiments to
human or rat UT receptors and inhibition of hU-II-promoted
intracellular calcium mobilization producing a significant
suppression of the maximum contractile response to hU-
II. In contrast of this noncompetitive antagonism of con-
traction to U-II in isolated rat aorta, BIM-23127 inhibited
calcium mobilization in human embryonic kidney 293 cells
expressing UT receptors in a competitive manner. A related
neuromedin B receptor antagonist, BIM-23042, H-DNal-
c[Cys-Tyr-DTrp-Lys-Val-Cys]-(2)Nal-NH

2
, displayed differ-

ent functional activities at several UT receptor orthologues. It
behaved as a full agonist at human and monkey UT receptor,
a partial agonist at mouse UT receptor, and a competitive
antagonist at rat UT receptor [41].

Among the most potent compounds, Camarda et al. in
2002 [38] identified the hU-II derivative [Orn8]U-II, that
was characterized in vitro as a novel peptide ligand for the
UT receptor. Modification of Lys8 to the nonnatural amino
acid Orn was suggested by chemical observations that Lys
belongs to the most important sequence for the biological
activity. This synthetic analogue behaved as a full agonist in
the calcium functional assay in HEK293 human and rat UT
cells, inducing similar maximal effects as U-II. However, the
potency of [Orn8]U-II at both receptorswas 3-fold lower than
U-II (𝑝EC

50
= 7.93 ± 0.16 and 8.06 ± 0.22, resp., whereas U-

II increased intracellular calcium levels in HEK293 hUT and
rUT cells with similar high potencies, 𝑝EC

50
= 8.51 ± 0.18

and 8.54 ± 0.14, resp.). In contrast, different results were
obtained in the rat aorta bioassay, in which the compound
behaved as a competitive antagonist, showing only in highest
concentrations (10𝜇M) a weak residual agonist activity (25%
compared to the maximal effect of U-II). The variance
between results obtained between the cell and tissue assay
could be interpreted assuming that [Orn8]hU-II is a partial
agonist.

In 2002 Grieco et al. [29] generated a novel peptide UT
receptor agonist by introduction of an unusual amino acid
in the disulphide bridge of hUT-II

(4–11), the potent analogue
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[Pen5]hU-II
(4–11), also known as P5U. This 𝛽,𝛽-dimethyl-

substituted cysteine residue led to higher conformational
rigidity in the sequence of hU-II C-terminal octapeptide.
Data showed that P5U has a 3-fold higher affinity for the
UT receptor than the endogenous ligand as competition
experiments witnessed its ability to displace the iodinated
radioligand with comparable affinity (iodinated hU-II bound
the human UT receptor saturably with high affinity, 𝑝𝐾

𝐷
=

9.2±0.14, whereas P5U has similar affinity to the unmodified
C-terminal octapeptide hU-II

(4–11), 𝑝𝐾𝑖 = 9.7 ± 0.07).
In functional experiments on the rat aorta, P5U was 20-
fold more potent than hU-II and 10-fold more potent than
hU-II

(4–11), being by far the most potent U-II analogue
in the rat thoracic aorta bioassay. Interestingly, conforma-
tional analysis by [1H] nuclear magnetic resonance (NMR)
spectroscopy combined with molecular modelling on this
peptide also indicated further details about structure-activity
relationships since the putative pharmacophoric Trp-Lys-Tyr
sequence into the cyclic portion of this analogue, retained

as the most important for full agonist activity, maintains
the same spatial orientation as in the native peptide. Thus,
the chemical modification brought by the unusual more
constrained penicillamine residue mainly influences the
proximal Phe6 position, leaving Trp, Lys, and Tyr residue
nearly unaffected. The enhanced pharmacological properties
observed in the case of P5U can be assigned to this conforma-
tional restriction revealing the importance of the exploration
of specific orientations in the three-dimensional space by
which amino acid side chains can interact with the receptor.

Since antagonist peptides such as SB-710411, [Orn8]U-
II, BIM-23127 so far described showed weak potency at UT
receptors with concomitant antagonist activities to different
receptor types and behaved as partial agonist activity at UT,
new attempts were challenged in order to develop more
potent and selective UT receptor antagonist. Patacchini et
al. in 2003 [42] described the pharmacological activities of
two compounds: [Pen5, Orn8]hU-II

(4–11) and [Pen5, DTrp7,
Orn8]hU-II

(4–11), named urantide (urotensin-II antagonist
peptide). Both peptides derived from the hU-II

(4–11) frag-
ment, previously reported as the minimal active sequence
of hU-II, as well as further replacement of Cys5 by penicil-
lamine, 𝛽,𝛽-dimethylcysteine, were achieved in order to give
them conformational rigidity stabilizing the putative bioac-
tive conformation. In functional experiments both peptides
showed no agonist effect by cumulative administration in the
range 0.1 nM to 10 𝜇M.However, urantide was totally ineffec-
tive as an agonist even when administered as a single con-
centration, that was not shown for [Pen5, Orn8]hU-II

(4–11),
suggesting a sort of desensitization known to affect UT
receptor-mediated responses in this preparation. As the most
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potent UT receptor antagonist compound so far reported in
the rat isolated aorta, urantide has also high affinity for the
human (𝑝𝐾

𝑖
= 8.3) and for the rat (𝑝𝐾

𝑖
= 8.3) UT receptors.

Conformational studies on urantide performed in 2005 by
Grieco et al. [43] showed that the distance between Trp7 and
Tyr9 side chains was 11.5 Å, greater than that observed in
peptide agonist P5U (6.1 Å) because of the inversion of L-Trp7
into the corresponding D isomer in urantide. The feature of
inversion of the configuration of the Trp residue in position
7 was suggested by the presence of the same modification

in both BIM-23127 and SB-710411. Urantide represented an
extremely potent UT receptor antagonist since it was about
50- to 100-fold more potent than any other compounds
tested in the rat isolated aorta. Despite of the potent UT
receptor antagonist activity in the rat aorta bioassay, urantide
showed residual agonist activity at human recombinant assay
in a calcium mobilization assay [44]. In order to develop a
selective antagonist, chemicalmodifications led to generating
the peptide [Pen5, DTrp7, Dab8]U-II

(4–11), also known as
UFP-803, closely related to the urantide sequence[45]. In the
present molecule, the residual agonist activity is less than that
of urantide. In the rat aorta bioassay, UFP-803 competitively
antagonizesU-II contractile action behaving as a selectiveUT
receptor antagonist.

In 2003 a report from Sugo et al. [46] demonstrated
the existence of a paralogue of U-II named U-II related
peptide (URP), a novel peptide first isolated from the extract
of rat brain and subsequently also proposed as endogenous
ligand for UT receptor in the rat, mouse, and possibly in
human. The amino acid sequence was determined as H-
Ala-c[Cys-Phe-Trp-Lys-Tys-Cys]-Val-OHand it exhibits high
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binding affinity for human UT receptor in transfected cell
lines and high contractile potency in the rat aortic ring
assay, suggesting that some physiological effects could be not
completely attributed to U-II. In order to evaluate the correct
orientation of amino acid side chains belonging to the cyclic
region of URP in the activity of the peptide, each amino
acid has been replaced with the corresponding stereoisomer
in a D-scan analysis [47]. D-isomer substitution within
the cyclic portion in replacement of Phe3, Lys5, and Tyr6
reduced binding affinity and contractile activity, confirming
the primary role of this portion in receptor recognition. In
contrast, the [DTrp4]URP analogue retained important bind-
ing affinity, suggesting relative tolerance in the interaction
with the receptor by stereoinversion occurring in that posi-
tion. [DTrp4]URP showed also reduced efficacy appearing to
behave as a partial agonist with moderate potency and a full
antagonist with low potency, indicating that point substitu-
tion of the Trp residue in U-II and URP sequence could lead
to the development of antagonists. Therefore, Chatenet et al.
in 2012 [48] provided the replacement of the indole moiety in
URP in order to obtain promising antagonists. In particular,
the introduction of the more hydrophobic uncoded amino
acid Bip led to the novel antagonist urocontrin, [Bip4]URP.
The main feature of this peptide was the ability to reduce the
efficacy of hU-II but not URP-induced vasoconstriction in
a rat aorta assay. Despite the structural homology between
U-II and URP and their concurrent expression in several
human tissues, recent studies have reported different actions
for these two peptides such as cell proliferation [49] and
distinctive myocardial contractile activities [50]. Therefore,
the identification of more selective ligands should be helpful
for the rational design of more selective molecules in order to
clarify the role of U-II and URP in the urotensinergic system.

Several peptide UT receptor antagonists such as urantide,
[Orn8]U-II, UFP-803, BIM-23042, and SB-710411 exhibit
contradictory actions in selected assay systems since they

have showed antagonist properties in rat isolated aorta and
partial agonist action bymobilization of intracellular calcium
in specific recombinant UT receptor HEK/CHO cell systems.
Similar observations upon this residual agonist activity have
already been made by Kenakin in 2002 [51] and Camarda
et al. in 2002 [38] that have proposed an “assay-dependent”
agonism/antagonism resulted from different UT receptor
expression and/or signal transduction-coupling efficiency, for
example, depending on the receptor density and the efficiency
of receptor couplings. For this reason identification of a
novel and selective antagonist was achieved by examining
ligand-evokedUT receptor agonismunder conditions of both
low and high receptor density and efficient coupling and
amplification. In 2006 Behm et al. [52] described GSK248451,
H-Cin-c[DCys-Pal-DTrp-Orn-Val-Cys]-His-NH

2
[53, 54], as

a potent UT receptor antagonist in all native mammalian
isolated tissues retaining an extremely low level of relative
intrinsic activity in recombinant HEK cells (4-5 fold less
than observed for urantide). Furthermore, since GSK248451
represents a selective UT receptor antagonist by blocking the
systemic vasopressor actions of exogenous U-II it became
a suitable tool compound for further investigations con-
cerning the role of U-II in the aetiology of mammalian
cardiometabolic diseases.

4. Nonpeptide Ligands

The use of peptides as drugs in a therapeutic approach
is often problematic because of their poor oral and tissue
absorption, and their low stability due to the rapid proteolytic
cleavage by enzymes. The pharmacokinetic limits of pep-
tides can be generally overcome by developing nonpeptide
molecules, inspired to the main sequence of the peptide
and in particular mimicking the specific secondary structure
responsible for the biological activity. Regarding to the design
of nonpeptide ligands, the conformation and the size of the
peptide backbone is often difficult to mimic by using as
scaffold organicmolecules andmodifications onto hydropho-
bic, steric, and electronic properties could generate potential
active compounds and optimize their affinity and selectivity.
Nonpeptide agonists and antagonists at the human UT
receptor could be important tool compounds in determining
the role of U-II and its derivatives in the urotensin system,
and they have been developed in several studies. Specifically,
the design and synthesis of selective receptor antagonists
should be helpful to clarify the role of human U-II as a
multifunctional peptide in mammalian pathophysiological
functions. Additionally, a pure nonpeptide antagonist stable
on in vivo administration could be very helpful to provide
an alternative pharmacological strategy in different disease
models.

Historically, first approaches for the discovery of new
nonpeptide ligands at GPCR receptors were based on high-
throughput screening (HTS) studies or knowledge of the
3D structure and secondary conformation adopted by the
natural ligand. A virtual screening based on 3D pharma-
cophores defined from the key residues of U-II was even
performed on an Aventis compounds database by Flohr et
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al. in 2002 [24] in order to identify functional antagonists
of U-II. The screening was based on their two agonist
pharmacophore models: one associated with the human
U-II peptide and one associated with Ac-[Cys-Phe-DTrp-
Lys-Tyr-Cys]-NH

2
. From 500 compounds that matched the

U-II pharmacophore, the most notable compound was
in S7616, 1-(3-carbamimidoyl-benzyl)-4-methyl-1H-indole-
2-carboxylic acid (naphthalene-1-ylmethyl)amide, revealing
an IC
50
of 400 nM (Figure 2).

The phenyl ring of the indole and the naphthalenemethy-
lamine side chain are localized onto the two aromatic features
of the pharmacophore.The basic benzamidine group in S6716
was shown to form a charged interaction with Asp130 residue
within TM3 of the humanUT receptor. Here, the basic amino
group was considered as crucial feature for all following
designed antagonists.

Because of the absence of specific small molecule UT
receptor agonists, Croston et al. performed a functional
mammalian cell-based R-SAT assay for high-throughput
screening in 2002 [55]. In this assay the UT receptor was
multiplexed with vectors for the expression of additional
receptor targets, such as the muscarinic M3 receptor and
some orphan GPCRs, in order to increase the number of
drug-target interactions tested without altering the response
and sensitivity characteristics of potential ligands. Screening
a library of 180000 small diverse organicmolecules tested in a
multiplexed R-SAT assay, AC-7954, 3-(4-chlorophenyl)-3-(2-
(dimethylamino)ethyl)isochroman-1-one, was identified as a
novel nonpeptide agonist with a potency of 300 nM at the
human UT receptor (Figure 3).

This compound is selective to activate the UT receptor,
although the other receptors included in the multiplex
screening assay belong to somatostatin and opioid receptor
classes that are the closest toUT receptor for genetic sequence
homology. Having no significant response when tested at
concentrations up to 15𝜇M on several receptor targets,
including dopamine (D1, D2, D5), muscarinic (M1, M3, M5),
serotonin (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT2A, 5-
HT2B, 5-HT2C), histamine (H2), 𝛽-adrenergic (𝛽-1, 𝛽-2),
somatostatin (sst-2, sst-3, sst-5), CRF-1, CRF-2a, CRF-2b,
𝜅-opioid, adrenomedullin, and CCK-a receptors, AC-7954
resulted to be a highly selective nonpeptide agonist of the UT
receptor. This compound has low molecular weight, drug-
like lipophilicity, a basic amino function (𝑝𝐾

𝑎
= 8.7), and

it exhibits limited conformation flexibility for the presence

of the bicyclic isochromane-based ring system. The product
was synthesized as racemic mixture (𝑝EC

50
= 6.5) that was

resolved in order to test enantiomers in R-SAT. Interestingly,
the assay revealed that the isomer (+)-AC-7954 ismore potent
as UT receptor agonist (𝑝EC

50
= 6.6), indicating that this

activity is highly stereoselective. The mode of interaction
of (+)-AC-7954 with human UT receptor was clarified by
later docking studies [31]. (+)-AC-7954 binds the human UT
receptor through interaction between the basic amino group
and Asp130 located on TM3 of the receptor as well as the p-
chlorophenyl ring located in a hydrophobic pocket, where
usually Tyr9 residue binds, and the benzo ring interacts with
Phe118 by an aromatic stacking interaction.

As first nonpeptide agonist the compound named AC-
7954 has been considered as a lead compound and a series
of analogues of this compound have been developed in
order to obtain more potent nonpeptide ligands at the
human UT receptor [56]. In accordance with this study
the isochromanone core has been kept intact, whereas new
bulkier amino groups and introduction of substituents in
position 4 or in the aromatic rings were investigated so
that the structure-activity relationship study around AC-
7954 could complete the knowledge about U-II/UT receptor
interaction.These several structuralmodifications led to both
increased and decreased activities, although beneficial effects
were obtained when substituents were introduced in the
aromatic part of the isochromanone ring system, whereas
more sterically demanding amino groups resulted to be
damaging to the activity. The 6,7-dimethyl derivative of AC-
7954 showed the most potency among the series (𝑝EC

50
=

6.87 ± 0.03) and once its racemate has been resolved into
the pure enantiomers, it was indicated the (+)-enantiomer,
subsequently named FL-68 (Figure 3), as the own potential
active stereoisomer (𝑝EC

50
= 7.30). From the series of

compounds synthesized in this study, FL-68 was found the
most interesting since it was very active versus UT receptor
and not showing at the same time any activity versus the
closely related somatostatin receptors.

Although the isochromanone-based agonists so far
described were interesting for their druglikeness properties
and their high selectivity for the UT receptor, in 2007
Lehmann et al. [57] chose to obtain new molecules by break-
ing of C3–C4 bond in the isochromanone scaffold. This syn-
thetic strategy adopting for development of novel urotensin-
II agonists was primarily focused to the introduction of
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Figure 11: Structures of piperazino-isoindolinone derivatives compound 4 and compound 5 (JNJ-28318706) were optimized into the novel
compound 6 (JNJ-39319202).
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Figure 12: Structure of compound 7.

different linkers between the two aromatic rings. Thus, a
series of ether, ester, amide, sulfonamide, carbamate, and urea
derivatives were performed. These more flexible compounds
led to molecules most retained in activity and efficacy com-
pared toAC-7954 except for ethers and sulfonamide probably
due to the absence of conformational effects induced by the
pharmacophoric carbonyl group. Interestingly, esters showed
lower efficacy than other derivatives, whereas the introduc-
tion of larger and lipophilic substituents in the variable
aromatic part of the molecule tend generally to increase
potency. To investigate the improvement of the efficacy it
seems that the introduction of electron-donating groups con-
tributed positively. Furthermore, among benzamide series
more lipophilic compounds were approximately 1 order of
magnitude more potent than the other amides. Accordingly,
the biphenylamide derivative, later known as FL-104, was
recognized as a potent agonist (𝑝EC

50
= 7.49 ± 0.03) and its

racemic mixture was resolved in order to evaluate the main
active stereoisomer, identified in (+)-FL-104 isomer (𝑝EC

50
=

7.49), considerably more active than (−)-FL-104. The (+)-
S-enantiomer of FL-104 was considered as one of the most
potent nonpeptide agonists known (Figure 4).

Analogues of FL-104 were designed and synthesized in
order to enable comparisons between SAR in the isochro-
manone and benzamide series of UT agonists [58]. By
the evaluation of the distance between the aromatic rings
and the dimethylamino group and by the replacement of
the dimethylamino group with a piperidine moiety new
compounds were obtained and tested for their ability to
stimulate the human UT receptor in an R-SAT assay. How-
ever, compound 1 was the most interesting among the series
(Figure 4). Its racemate mixture was resolved and the (+)-
(S)-enantiomer corresponded to the most active nonpeptide

agonist compound with a 𝑝EC
50
value of 7.64 ± 0.23, which

is higher than the precursor FL-104.
As pharmacological tool in determining physiological

and pathological roles of endogenousU-II in kidney diseases,
in 2004 Clozel et al. [59] reported the discovery and charac-
terization of a specific and potent inhibitor of the human UT
receptor, the compound palosuran (ACT-058362) (Figure 5).

Results from radioligand binding experiments carried out
in membrane preparations from CHO cells expressing the
human UT receptor indicated palosuran as potent inhibitor
of 125I-U-II, binding at human UT receptor with an IC

50

of 3.6 ± 0.2 nM, whereas radioligand 125I-U-II was potently
inhibited by the unlabeled U-II with an IC

50
value of 1.2 ±

0.2 nM. On cell lines such as TE-671 and CHO, the inhibitory
binding potency of palosuran toward the humanUT receptor
was lower than on membranes (IC

50
= 46.2 ± 13 nM

on TE-671 cells and IC
50
= 86 ± 30 nM on recombinant

CHO cells). Binding studies showed also that the inhibitory
binding potency of palosuran is higher more than 100-
fold on human UT receptor compared with the rat UT
receptor (IC

50
= 3.6 nM toward the human receptor,

IC
50

value of 1475 nM for rat receptor). However, palosuran
inhibited U-II-induced concentration of rat aortic rings in
a potent and concentration-dependent manner and inhib-
ited the maximal contractile response of the rings almost
completely at 10−4M suggesting an insurmountable kind of
antagonism of contraction induced by U-II. Despite this,
in binding studies using membrane preparations expressing
human UT receptor, palosuran interacted competitively with
its receptor. This controversial mode of inhibition observed
between functional assays and receptor binding studies could
be linked to the likely noncompetitive antagonism due to
the partial internalization of the UT receptor after binding
with palosuran. This could reduce the receptor availability
on the cell surface in the isolated rat aortic ring system.
Functional assays showed that palosuran was a selective
antagonist of UT receptor not antagonizing the action of
other vasoconstrictor agents such as KCl, endothelin-1, 5-
hydroxytryptamine, and norepinephrine. Therefore, palo-
suran represents an important tool of nonpeptide nature in
order to validate the role of endogenous U-II in disease
models, in particular in kidney pathologies. For this reason,
palosuran was considered as an interesting tool and a novel
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and interesting UT receptor antagonist for evaluating the
pathophysiological role of endogenous U-II in renal system,
since both U-II and UT receptor are highly expressed in the
kidney [15]. Endogenous U-II plays a role in mediating the
abnormal renal vasoconstriction after ischemia and short-
term intravenous administration of palosuran reduced the
glomerular and tubular dysfunction and renal tissue injury
induced by renal ischemia [59].

Further evidence that the 4-ureido-quinoline core, also
shared with the structure of palosuran, could be taken as a
promising template for antagonists turned out from several
patent applications. In addition, several examples of UT
receptor antagonists have appeared in the patent literature
but they were less discussed in this paper. Thus, 4-ureido-
quinoline derivatives, in which 1,2,3,4-tetrahydroisoquinole,
piperidine, piperazine, and pyrrolidine moieties were intro-
duced, were also tested for their ability to displace human
[125I]U-II binding to a rhabdomyosarcoma cell line (IC

50

values ranging from 1 to 1000 nM) [60–62]. Other non-
peptide molecules reported in patent applications were
based on 4-aminoquinolines [63] and quinolone, such as 2-
aminoquinolines and 2-aminoalkylquinolin-4-ones deriva-
tives [64], template (Figure 6).

Researchers at GlaxoSmithKline conducted extensive
biological studies leading to the discovery of a series of aryl-
sulfonamide derivatives developed from high-throughput
screening. The compound SB-611812 showed potent binding
at the rat UT receptor (𝐾

𝑖
= 121 nM) and based on

its antagonist activity in rat aortic tissue and interesting
pharmacokinetic properties such as high bioavailability (∼
100%) and half-life (∼5 h), this compound was proposed
as a useful pharmacological tool (Figure 7). Accordingly, a
coronary artery ligation study was conducted in rats with
this lead UT antagonist since patients with congestive heart
failure (CHF) are usually associated with high level of U-
II and UT receptor in the heart tissue [65]. In this study,
treatment with SB-611812 (30mg/kg per day) for eight weeks
significantly reduced overall mortality, left ventricular end-
diastolic pressure, lung edema, right ventricular systolic pres-
sure, central venous pressure, cardiomyocyte hypertrophy,
and ventricular dilatation, underlying the importance of
hUT-II in this disorder.

The identification and characterization of compound SB-
706375 was originally described by Douglas et al. in 2005
[66] (Figure 8). This compound was identified as novel UT
receptor antagonist, acting in a surmountable, reversible
manner with high affinity across species (binding 𝐾

𝑖
=

4.7–20.7 nM) and good selectivity. The potent antagonist
activity was demonstrated by its ability to inhibit [125I]hU-
II binding to both mammalian recombinant and “native” UT
receptors with a reversible mode of action (𝐾

𝑖
= 4.7 ± 1.5 to

20.7 ± 3.6 nM at rodent, feline, and primate recombinant UT
receptors; 𝐾

𝑖
= 5.4 ± 0.4 nM at the endogenous UT receptor

in SJRH30 cells). The antagonist activity was also validated
in a number of assays such as the inhibition of contraction
of the rat isolated aorta (𝑝𝐾

𝑏
= 7.47) and the inhibition of

intracellular calcium mobilization in HEK293 cells express-
ing UT receptor (𝑝𝐾

𝑏
= 7.29–8.00). SB-706375 was a selective

U-II antagonist for the human UT receptor (≥100-fold)
compared to 86 distinct receptors including ion channels,
enzymes, transporters, and nuclear hormones (𝐾

𝑖
/IC
50
>

1 𝜇M). The contractile responses induced in isolated aortae
by KCl, phenylephrine, angiotensin-II, and endothelin-1 were
unaltered by SB-706375 (at 1𝜇M concentration).

The very closely related compound SB-657510 [67] was
also indicated as potent antagonist in isolated arteries from
rats, cats, monkeys, and hUT-transgenic mice (Figure 8).The
characterization of this compound led to the first nonpeptide
UT receptor radiolabel, namely, the tritiated radiotracer
[3H]SB-657510 [66].

Substituted diarylsulfonamides, reported in other patent
applications, possessed significant affinity for UT receptors
(𝐾
𝑖
∼ 1 𝜇M). They were designed as UT receptor antagonists

and CCR-9 antagonists for the treatment of congestive heart
failure, stroke, ischemic heart disease, and so forth [68].

Other UT antagonist series was represented by
aminoalkoxy benzyl pyrrolidine derivatives even reported
by GlaxoSmithKline. Based on an HTS protocol involving
hU-II-mediated calcium mobilization in hUT-expressing
HEK293 cells, the lead compound SB-436811 was identified
for its moderate potency (𝐾

𝑖
= 200 nM) binding to

human UT receptor but weak potency in rat hUT binding
(𝐾
𝑖
= 3.2 𝜇M) [69] (Figure 9). As group linker between the

substituted-phenyl moiety and the heterocyclic ring, the
sulfonamide group was replaced with an alkyl group.

Biphenylcarboxamide and benzazepine scaffolds were
also reported in patent applications since these derivatives
demonstrated highly potent UT receptor antagonism [70].
In particular, most structurally different from other UT
receptor antagonists, benzazepines represented one of the
most potent antagonists at the human UT receptor so far
described (IC

50
∼ 2 nM).

With the aim to identify a compoundwith lownanomolar
potency toward both rat and human UT receptor, as research
tool for evaluating the role of U-II/UT receptor interaction
in disease models, Luci et al. in 2007 [71] developed new
series of small organic molecules. New lead structures
were obtained by executing an HTS protocol involving a
functional assay based on cells transfected with rat UT
receptor, a fluorometric imaging plate reader (FLIPR) to
measure intracellular calcium flux, and the potent peptide
UT agonist Ac-c[Cys-Phe-Trp-Lys-(2)Nal-Cys]-NH

2
[32].

By the application of this assay to a large compound library,
various 4-phenylpiperidine-benzoxazin-3-ones derivatives
were identified. Compound 2, which contained a 4-(4-
chlorophenyl)piperidine subunit, was identified as moder-
ately potent compound (IC

50
= 7.1 𝜇M). On the basis of

this lead compound more analogues were elaborated and
compound 3 (Figure 10) that, containing an aryl-substituted
piperidine subunit, was found to be a more potent antagonist
toward both rat and human UT receptor (IC

50
= 10 nM at

rat UT receptor and𝐾
𝑖
= 65 nM at human UT receptor). For

this reason, this compoundwas selected for in vivo evaluation
and its efficacy was shown in reversing the ear-flush response
induced by U-II in rats.
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Other classes of compound that turned out from this
screening were represented by piperazino-phtalimide and
piperazino-isoindolinone derivatives, very different struc-
tural type of UT receptor antagonists from those previously
reported in literature. Thus, Lawson and coworkers in 2009
[72] realized these novel series starting from the identification
of the compound 4 (rat FLIPR EC

50
= 0.54 nM, rat UT bind-

ing 𝐾
𝑖
= 0.12 nM) and the strictly related compound 5, also

known as JNJ-28318706. The latter had improved metabolic
stability and improved potency (rat FLIPR IC

50
= 84 nM),

and (R)-enantiomer exhibited also good oral bioavailability
in pharmacokinetics experiments. However, as piperazino-
isoindolinone derivative (Figure 11), the compound 6 (JNJ-
39319202) showed single-digit nanomolar potencies in the
rat FLIPR assay (IC

50
= 1.0 nM) and in the human UT

receptor binding assay (𝐾
𝑖
= 4.0 nM). This compound also

exhibited potent antagonism in the human calcium flux assay
(IC
50
= 8.0 nM). Moreover, a recent study reported a facile

alkylation-cyclization reaction performed on isoindolinone
core of JNJ-39319202 that yielded to novel tricyclic derivatives
with retained potency in antagonism activity [73].

Aminomethylpiperazines derivatives were also drawn out
from the structure belonging to 𝜅-opioid receptor agonists
[74]. In accordance with this study, optimization of the
piperazine moiety provided high affinity urotensin-II recep-
tor antagonists (more than 100-fold selectivity over the 𝜅-
opioid receptor) and, among this series, specific compounds
inhibited urotensin-induced vasoconstriction in isolated rat
aortic ring.

Other 2-aminomethyl piperidine derivatives had mod-
erate hUT binding affinity (𝐾

𝑖
= 400 nM) and hUT

functional activity (FLIPR IC
50
= 600 nM) [75]. However,

these series were correlated to problems such as cytochrome
P450 inhibition and low oral bioavailability. Therefore, some
improvements were obtained by using a piperazine core in
such promising compounds. Subsequently, removal of the
piperidine and piperazine linker groups led to a series of
potent biphenylmethyl derivatives.

Wang et al. in 2008 [76] described a series of N-alkyl-
5H-pyrido[4,3-b]-indol-1-amines as UT receptor antagonists
since the tricyclic compound 7 was identified in an HTS as
a lead compound due to its binding affinity (𝑝𝐾

𝑖
= 8.1) and

submicromolar antagonist activity (𝑝IC
50
= 6.3) at human

UT receptor (Figure 12).

5. Conclusion

Despite of the large number of studies performed on U-
II system, less knowledge even belongs to the issue regard-
ing the pathophysiological role of urotensin-II/UT receptor
interaction. Accordingly, several studies have reported con-
tradictory activities resulting from the injection of exoge-
nous U-II in the bloodstream. Vasoconstriction induced by
exogenous U-II is indeed subjected to significant species
and/or regional differences. Thus, from our point of view,
the investigation of structure-activity relationships of U-
II system represents the keystone that could address the
unsolved question regarding the putative role of U-II in

several disorders and physiological effects. The synthesis
of U-II analogues has been performed adopting two main
strategies based on the design and development of peptide
or nonpeptide derivatives. Both the approaches present sev-
eral advantages and disadvantages. Although peptides offer
several advantages as therapeutic tools over small organic
molecules, when they are composed of natural amino acids
they are not very good drug candidates because of their
intrinsic physicochemical and pharmacokinetic properties
such as low bioavailability and biodistribution. On the other
hand, as drug candidates in a therapeutic strategy, peptides
offer greater efficacy, selectivity and specificity, and lower
toxicity than small organic molecules since they represent
the smallest functional part of a protein. However, the
introduction of pharmacophoric elements in small organic
structures is fascinating and favourable in the treatment of
somediseases.Thereby, organic compounds represent the key
for obtaining promising drug candidates by reaching easily a
compromise between stability and selectivity.

The research of the best therapeutic tools in disorders
produced by U-II could be achieved by chemical optimiza-
tion strategies for urotensin-II derivatives, peptides or non-
peptide analogues. The best knowledge of structure-activity
relationships may provide useful chemical requirements in
order to improve pharmacodynamic and pharmacokinetic
properties such as bioavailability, reduction of elimination
and biodegradation by proteolytic enzymes activity, low
toxicity, reduced drug-drug interactions, and short half-life
values avoiding accumulation of metabolites in tissues. As
for urotensin peptides, substitution of natural amino acid
residues by unnatural amino acid such as D-stereoisomer,
nonproteogenic constrained amino acid or 𝛽-amino acid
has represented strategic chemical approach resulting in the
increase of stability and/or affinity for the UT receptor.
At least, development of nonpeptide antagonists at the UT
receptor is an attractive alternative as pharmacological tool
in the identification of the role of endogenous U-II in several
pathophysiological effects.
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We have demonstrated that the peptide L-2 designed from an alanine scanning of the Limulus-derived LALF32-51 region is a
potential candidate for the anticancer therapy and its cell-penetrating capacity is an associated useful property. By the modi�cation
in the primary structure of L-2, a second-generation peptide (CIGB-552) was developed. However, the molecular mechanism
underlying its cytotoxic activity remains partially unknown. In this study, it was shown that CIGB-552 increases the levels
of COMMD1, a protein involved in copper homeostasis, sodium transport, and the NF-𝜅𝜅B signaling pathway. We found that
CIGB-552 induces ubiquitination of RelA and inhibits the antiapoptotic activity regulated by NF-𝜅𝜅B, whereas the knockdown of
COMMD1 blocks this effect. We also found that CIGB-552 decreases the antioxidant capacity and induces the peroxidation of
proteins and lipids in the tumor cells. Altogether, this study provides new insights into the mechanism of action of the peptide
CIGB-552, which could be relevant in the design of future anticancer therapies.

1. Introduction

In previous work, a peptide-based approach was used to
identify peptides devoid of LPS-binding capacity from LALF
residues 32–51. Two peptides (L-2 and L-20) lost their ability
to bind LPS and exhibited a differential cytotoxic activity,
although a similar cell penetrating capacitywas demonstrated
for both peptides [1].We introduced a chemical modi�cation
in the primary structure of the peptide L-2 to improve the
biological activity and speci�city. e chemical modi�cation
included the substitution of a natural amino acid residue by

an unnatural amino acid (D-con�guration) and blocked N-
terminal by acylation. is modi�cation led to the devel-
opment of a second-generation peptide (CIGB-552) with
increased cytotoxic activity on murine and human tumor
cells [2]. Although the antitumor effects of the peptides
involve an increase in the apoptosis and a negative regula-
tion of cell-cycle progression, little is known regarding this
mechanism of action.

In this study, two complementary approaches were used:
a yeast two-hybrid search for molecules that speci�cally
interact with the peptides and a pull-down technique to
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validate the interaction. COMMD1 was identi�ed as a
peptide-binding protein. Furthermore, the speci�city pep-
tide/COMMD1 complexes were corroborated by related
synthetic peptides with a differential cytotoxic activity
(L-2, L-20, and CIGB-552) in cells expressing endogenous
COMMD1.

COMM domain�containing 1 (COMMD1), the �rst
COMMD familymember to be identi�ed, is a pleiotropic fac-
tor that participates in multiple processes, including copper
metabolism, sodium excretion, in�ammatory responses, and
adaptation to hypoxia [3–6]. A growing body of data suggests
that COMMD1 is associated with a multimeric E3 ubiquitin
ligase complex and regulates the stability of proteins such as
NF-𝜅𝜅B subunits, ATP7B, and HIF-1-𝛼𝛼 [7–11]. In addition to
its physiological roles, HIF participates in the pathophysiol-
ogy of several disorders, including cancer, in which enhanced
HIF activity is associated with tumor growth, neovascular-
ization, local invasion, metastatic disease, and poor clinical
outcomes [12]. While under physiological conditions NF-𝜅𝜅B
plays critical roles in in�ammatory responses and cellular
survival to stress, the activation of NF-𝜅𝜅B has also a frequent
occurrence in cancer. In particular, the ability of NF-𝜅𝜅B to
promote the expression of various antiapoptotic factors is
thought to play amajor role in the survival of cancer cells [11].

Consistent with the notion that COMMD1 functions in
multiple cellular pathways involved in the survival of cancer
cells, it has been demonstrated that the decreased COMMD1
expression in human cancer correlates with a more invasive
tumor phenotype [13]. It is reported in this study that
CIGB-552 increases the levels of the protein COMMD1
and negatively regulates the anti-apoptotic activity of NF-
𝜅𝜅B. Furthermore, CIGB-552 induces an imbalance in the
antioxidant/prooxidant balance in cancer cells that promotes
the peroxidation of proteins and lipids. ese �ndings have
relevance for the design of anticancer agents that act by
targeting COMMD1 to inhibit NF-𝜅𝜅B activity.

2. Materials andMethods

2.1. Peptides Synthesis. Peptides were synthesized on a solid
phase and puri�ed by reverse-phase-high-performance
liquid chromatography to >95% purity on an aceto-
nitrile/H2O-tri�uoracetic acid gradient and con�rmed by
ion-spray mass spectrometry (Micromass, Manchester,
UK). Lyophilized peptides were reconstituted in phosphate-
buffered saline (PBS) for experiments in vitro. e sequences
of peptides used were L-2: HARIKPTFRRLKWKYKGKFW;
L-20:HYRIKPTFRRLKWKYKGKFAandCIGB-552 second-
generation peptide Ac-HARIKpTFRRlKWKYKGKFW
where proline and leucine were substituted by D-amino acid;
and N-terminal blocked by acylation.

2.2. Yeast Two-Hybrid Screening. Oligonucleotides with the
sequences corresponding to peptides L-2 and L-20 were
synthesized and cloned in-frame into pGBKT7 yeast two-
hybrid vector (Table 1). e recombinant clones pGBKT7-
L2 and pGBKT7-L20 were veri�ed by DNA sequence and
subsequently transformed into yeast strain AH109.

A matchmaker pretransformed liver cDNA library in
Y187 (Clontech) was used to identify the protein interactions
of L-2. Brie�y, 5 × 108 AH109 cells containing the plasmid
pGBKT7-L2 were grown and matted with 5 × 108 Y187
cells containing the cDNA library from human liver and
transferred to minimal medium plates SD-Trp-Leu-His-Ade
and grown at 30∘C 7 days. e positive colonies were
grown in Trp-Leu medium and the plasmids recovered and
transformed into DH10B cells. Each individual clone was
transformed in Y187 strain and the interaction veri�ed by
matting with the strain AH109 transformed with the plas-
mids pGBKT7, pGBKT7-L2, and pGBKT7-L20. e positive
clones were sequenced and their sequences were analyzed
using BLAST [14].

COMMD1 subclones N-terminus containing 6–110
amino acids andC-terminus containing 111–190 amino acids
(nucleotides 18–332 and 333–570, resp.) were cloned in-
frame into a two-hybrid yeast vector containing the GAL4
activation domain (pGADT7). EachCOMMD1 subclonewas
transformed into Y187 strain and the interaction veri�ed
by matting with the AH109 strain transformed with the
plasmids pGBKT7, pGBKT7-L-2, and pGBKT7-L-20.

2.3. Chemicals Reagents. e following chemicals and
reagents used were from the indicated companies: RPMI
1640 (Gibco BRL, NY, USA); fetal bovine serum (FBS) and
PBS 1X (from PAA, Canada); gentamicin, hydrogen peroxide
(H2O2), MG132, propidium iodide, Nonidet P-40 (NP-40),
dithiothreitol (DTT), Protease Inhibitor Cocktail and
Albumin (BSA) (all from Sigma); and RNase A, (Boehringer
Mannheim) and absolute ethanol from Merck.

2.4. Cell Fractioning. H460 (ATCC, HTB-117) cells were
seeded in Flasks T-75, and were kept at 37∘C and 5% CO2
in RPMI 1640 medium supplemented with 10% (v/v) FBS, L-
glutamine plus 50 𝜇𝜇g/mL of gentamicin.e cells’ fractioning
was performed as described previously [15]. Brie�y, the
pelleted cells were resuspended in 300 𝜇𝜇L of hypotonic buffer
(10mM Hepes, pH 7.5, 10mM KCl, 3mM NaCl, 3mM
MgCl2, 1mM EDTA, and 2mM DTT) containing a protease
inhibitor mixture from Sigma (P-8340), used at 60 𝜇𝜇L/5 ×
106 cells. Aer 15min incubation on ice, 0,05 volumes of
10% NP-40 were added, the cells were mixed for 10 s and
immediately centrifuged at 500 g for 10min at 4∘C. e
supernatants were collected, labeled as cytoplasmic extracts,
aliquoted, and stored at −80∘C. e pelleted nuclei were
resuspended in 50 𝜇𝜇L of the ice-cold nuclear buffer (20mM
Hepes, pH 7.5; 25% glycerol, 0.8m KCl, 1mM MgCl2, 1%
NP-40, 0.5mM EDTA, 2mM DTT) containing the protease
and phosphatase inhibitors as described above. Following a
20min incubation on icewith occasional stirring, the samples
were centrifuged (14,000 g, 15min, 4∘C) and the resulting
supernatants were aliquoted and stored at −80∘C.

2.5. Western Blot and Immunoprecipitation Analysis. 40𝜇𝜇g
of total protein extract was applied on 7.5% to 12.5%
SDS polyacrylamide gels and Western blot conducted by
standard procedures [16]. e primary antibodies used
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T 1: Oligonucleotides sequences corresponding to L-2 and L-20.

Name Sequence
L-2 CATGCACGCTAGAATCAAGCCAACCTTCAGAAGATTGAAGTGGAAGTACAAGGGTAAGTTCTGGTAA
L-2C GATCTTACCAGAACTTACCCTTGTACTTCCACTTCAATCTTCTGAAGGTTGGCTTGATTCTAGCGTG
L-20 ATGCACTACAGAATCAAGCCAACCTTCAGAAGATTGAAGTGGAAGTACAAGGGTAAGTTCGCTTAA
L-20C GATCTTAAGCGAACTTACCCTTGTACTTCCACTTCAATCTTCTGAAGGTTGGCTTGATTCTGTAGTG

were COMMD1 monoclonal (2A12), beta-actin monoclonal
(AC15), heterogeneous nuclear ribonucleoproteins (hnRNP)
monoclonal (4F4), anti-caspase 3, active (C8487) (all from
Sigma); Bcl-2 polyclonal (C21) and Bax antibody (Santa Cruz
Biotechnology), monoclonal RelA (ab95020) and polyclonal
ubiquitin (ab19247) Abcam; and PARP antibody (9542) from
Cell Signaling Technology. For immunoprecipitation assays,
the cells were lysed in RIPA lysis buffer (1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS, and 0.5% BSA in PBS).
e buffer was supplemented with Protease Inhibitor Cock-
tail and 2mM of DTT. Immunoprecipitation assays were
done using 200𝜇𝜇g ofwhole-cell lysate. Rabbit polyclonal anti-
RelA (ADI-KAS-TF-110) (Abcam) was used to immuno-
precipitate the appropriate protein and monoclonal IgG (A-
1949) (Sigma) was used as a negative control. Complexes
were separated by SDS-PAGE and then analyzed by Western
blot analysis.

2.�. �mmuno�uorescence Detection of COMMD1. HT-29
(ATCC, HTB38) and MCF-7 (ATCC, HTB22) cells were
seeded in 12 well plates containing cover slips (5 ×
104 cell/well) and were cultured in D-MEM-Glutamax, 10%
fetal bovine serum, at 37∘C for 24 h. Subsequently, CIGB-552
peptide was added to a �nal concentration of 60 and 20𝜇𝜇M
in HT-29 and MCF-7, respectively. Cells were incubated at
37∘C for 5 h, then cover slips were washed with PBS, and
the cells were �xed in 4% paraformaldehyde for 15min and
permeabilized in Tween 20 solution (0.2% in PBS). Blocking
was performed with 3% bovine serum albumin in PBS (BSA-
PBS) for 1 h. Anti-COMMD1 monoclonal antibody (2A12)
(Abnova) was diluted 1 : 500 in BSA-PBS and the secondary
antibody Cy3 goat anti-mouse IgG (Invitrogen) was used at
1 : 1000 dilution. All images were taken using laser confocal
microscope Leica TCS SP5 and a 63x oil objective. In order to
make comparable data, �uorescence images were taken using
the same microscope settings (laser power, photomultiplier
voltage, and offset). Four optical sections scanned at intervals
of 0.3 𝜇𝜇m were taken per sample projected using Maximum
Intensity Model and colored with prede�ned Lut (spectrum)
provided in the LASAF Lite 2.6.0v soware.

2.7. Precipitation of COMMD1 in Pull-Down Assay. For
COMMD1 precipitation, H460 (ATCC, HTB-117) cells were
lysed in Triton lysis buffer (1% Triton X-100, 25mM Hepes,
100mM NaCl, 1mM EDTA, and 10% glycerol) supple-
mented with Protease Inhibitor Cocktail and 2mM of dithio-
threitol. Pull-down assays were done using 500𝜇𝜇g of whole-
cell lysates. e biotinylated peptides L-2, L-20, and CIGB-
552 (300𝜇𝜇g) were independently incubated with 50 𝜇𝜇L of the

resin streptavidin sepharose (GE Healthcare) for 1 h. Resin
of streptavidin sepharose without peptides was used as a
negative control. e resins were washed extensively with
PBS containing 1mM DTT. Proteins remaining bound to
the resins were resuspended in 25 𝜇𝜇L of SDS sample loading
buffer and separated by SDS-PAGE. COMMD1detectionwas
performed by Western blot using an anti-COMMD1 mono-
clonal antibody. e quanti�cation of signals was carried out
using ImageJ program 1.41 [17].

2.8. Quantitative PCR Analysis of COMMD1 Gene. H460
cells were seeded at con�uence and treated with 25𝜇𝜇M of
CIGB-552 for 30min, 2 h, and 5 h. Cells were harvested
and total RNA was extracted using the AllPrep DNA/
RNA/Protein mini kit (Quiagen, Valencia). cDNA syn-
thesis from RNA using 500 ng of total RNA was done
with the Quantitect Reverse Transcription kit (Quiagen,
Valencia). cDNA was diluted 20-fold and 5𝜇𝜇L was used
in each quantitative PCR reaction (qPCR). Reactions were
conducted in Rotor Gene 6000 equipment using ABsolute
SYBR GreenQPCR kit (Abgene, Epsom). Primers sequen-
ces for reference genes: B2M, GAPDH, HMBS, ACTB,
DDX5 and gene of interest COMMD1 were selected
fromhttp://primerdepot.nci.nih.gov/ database [18].e gene
expression of selected genes was conducted following MIQE
recommendations [19]. Speci�city of all productswas veri�ed
by melting curve analysis. Reference genes were selected
using GeNorm soware [20]. Quanti�cation was carried out
using theΔΔCTmethod. A statistical analysis was conducted
using REST soware [21].

2.9. Measurement of Oxidative Stress Variables. All bio-
chemical parameters of oxidative stress were determined by
spectrophotometric methods using a Pharmacia 1000 Spec-
trophotometer (Pharmacia LKB, Uppsala, Sweden). Total
protein levels were determined using the method described
by Bradford with bovine serum albumin as standard [22].
SOD activity was determined using RANSOD kit (Randox
Labs, Crumlin), where xanthine and xanthine oxidase were
used to generate superoxide anion radicals (O2

•−), which
react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltet-
razolium chloride (INT) to form a red formazan dye. SOD
activitywasmeasured by the inhibition degree of this reaction
[23]. e advanced oxidation protein products (AOPP) were
measured as described previously [24]. Brie�y, 1mL of
samples in PBS was treated with 50 𝜇𝜇L of 1.16M potassium
iodide followed by the addition of 100𝜇𝜇L of glacial acetic
acid. e absorbance was immediately read at 340 nm. AOPP
concentration was expressed as 𝜇𝜇M of chloramines-T. e
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concentration of malondialdehyde (MDA) was determined
using the LPO-586 kit obtained from Calbiochem (La Jolla,
CA, USA). In the assay, the production of a stable chro-
mophore was read at 586 nm aer 40min of incubation at
45∘C [25]. Freshly prepared solutions of MDA bisdimethyl
acetal (Sigma St Louis, MO, USA) were employed to generate
standard curves. Ferric reducing ability of plasma (FRAP)
was assayed through the reduction of Fe3+ to Fe2+ by cell
lysates or ascorbic acid as reference. e Fe2+-2,4,6-tripiridil-
s-triazine complex was detected at 593 nm [26]. All results
shown are themean of duplicates of at least three independent
experiments with SE.

2.10. Generation of Stable H460 COMMD1 Knockdown
Cell. Plasmids encoding a short hairpin control (shCon-
trol) and plasmid encoding a short hairpin targeting
COMMD1 mRNA sequence (shCOMMD1) were obtained
from Genecopeia (USA). Generation of H460 stable cell lines
was performed with Lentivirus infection with the addition
of 4 𝜇𝜇g/mL polybrene (Sigma). e selection was done in
RPMI 1640 supplemented with 1 𝜇𝜇g/mL puromycin (Sigma)
according to the manufacturer’s instructions. e knock-
down level of COMMD1 was determined by Western blot
analysis using mouse monoclonal anti-COMMD1. Deter-
mination of the IC50 values was performed as described
previously [1].

2.11. Cell Cycle Assay. Cells were seeded on 6 well plates
during 24 h and then treated with 25 𝜇𝜇M of CIGB-552
for 24 h. e harvested cells were �xed gently by putting
100% ice-cold ethanol in freezer for 2 h. Subsequently, cells
were resuspended in 300 𝜇𝜇L of PBS containing 40𝜇𝜇g/mL of
propidium iodide and 10 𝜇𝜇g/mLDNase-free RNase and incu-
bated for 20min at 37∘C. Aer gating out cellular aggregates,
the cell cycle distribution analysis was done on FACSCalibur
�ow cytometer usingCell�uest soware (BectonDickinson).
For each sample, at least 20,000 cells were counted and plotted
on a single parameter histogram.

2.12. Detection of Apoptosis. Cells in early and late stages of
apoptosis were detected with an Annexin V-FITC apoptosis
detection kit fromSigma (041M4083). Cells were treatedwith
CIGB-552 (25 𝜇𝜇M) and incubated for 24 h and 48 h prior
to analysis. Brie�y, 2.5 × 105 cells were washed with PBS
and adjusted in 1 × binding buffer to a concentration of
1 × 106/mL. To 100 𝜇𝜇L of cell suspension, 5 𝜇𝜇L of Annexin
V-FITC and 10 𝜇𝜇L propidium iodide (PI) were added and
incubated for 10 min at room temperature prior to analy-
sis. Samples were analyzed (20,000 events) using a Becton
Dickinson FACSCalibur instrument. Cells that were positive
for Annexin V-FITC alone (early apoptosis) and Annexin V-
FITC and PI (late apoptosis) were counted.

2.13. Statistical Analysis. e quantitative data in this paper
are represented as means ± SD. Statistical evaluation was
made using the Mann-Whitney test. Differences were con-
sidered to be signi�cant at 𝑃𝑃 𝑃 0𝑃05.

3. Results

3.1. �denti�cation of �roteins �at �nteract wit� �eptides
Derived from LALF32−51 Region. To identify proteins that
interact with the antitumor peptides L-2 and L-20, a yeast
two-hybrid screening was performed. As the peptide L-2 has
shown the major antitumor activity, the plasmid pGBKT7-
L-2 was selected as bait in the yeast two-hybrid screening
of a human liver cDNA library to identify peptide-binding
partners. A total of 107 diploids were screened. Eighty-seven
different positive clones were obtained. e interaction of
each positive clone was veri�ed by matting with pGBKT7
as a negative control and with constructions pGBKT7 L-2
and pGBKT7 L-20. From the initial number of clones
thirty-eight positive interactions were con�rmed. All positive
clones were sequenced and their sequences analyzed using
BLAST. Among them, a plasmid containing the sequence
of COMMD1 (from amino acids 6 to 190) was identi�ed.
Interestingly, the diploid of COMMD1 with the L-20 peptide
on selection plate showed a lower growth indicating a lower
strength of this interaction compared with L-2 (Figure 1(a)).
A secondGAL-4-based yeast two-hybrid screening identi�ed
the region containing the amino acids 111–190 of COMMD1
as the potential interaction site for the peptides Figure 1(a),
(bottom of the �gure).

e proteolytic stability of natural peptides is one of the
principal limitations for their use as drug candidates. In this
study, the substitution of proline (Pro6) and leucine (Leu11)
by an unnatural amino acid and blocking N-terminal ends by
N-acylation from L-2 resulted in a second generation peptide
named CIGB-552, which showed an increased antitumor
activity in vitro and in vivo [2]. is �nding suggests that the
incorporation of unnatural amino acids in the sequence could
improve the metabolic stability of the peptide.

To elucidate the functional signi�cance of this chemical
modi�cation, the interaction between COMMD1 and the
peptides was examined. e interaction between COMMD1
and the synthetic peptides L-2, L-20, and CIGB-552 was
evaluated by pull-down analysis in human lung cancer
cells H460, following Western blot with speci�c COMMD1
antibody. As shown in Figure 1(b), COMMD1 was detected
in the peptides-pull-down precipitation con�rming the
existence of speci�c COMMD1/peptide complexes in cells
that express endogenously COMMD1. �uanti�cation of
the complexes COMMD1/peptides (RI) inversely correlates
with the cytotoxic activity of the peptides expressed by its
inhibitory concentration (IC50), Table 2. e complex CIGB-
552/COMMD1 increases in respect to the complex’s L-2 and
L-20/COMMD1 indicating that modi�cations done in the
primary structure of the peptides increased the affinity to
COMMD1 and this correlates with the increased cytotoxic
activity. e results of two hybrid and pull-down experi-
ments indicate that the interaction between the peptides and
COMMD1 is speci�c and that the strength of this interaction
may be relevant for the antitumor effect of the peptides. In
addition, the interaction between CIGB-552 and COMMD1
was also con�rmed inwhole-cell lysates of human cancer cells
of different histological origins (data not shown).
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F 1: Peptides andCOMMD1 interact inmammalian cells. (a) Yeast two hybrids showing interactions between full lengthCOMMD1and
COMMD1 (111–190) prey fusions and the indicated L-2 and L-20 peptides as baits tested by interaction mating using SD Leu/Trp/His/Ade
plates. pCL1 was used as a positive control of growth and the interaction between empty bait vector pGBKT7 and empty prey pGAD-T
was used as a negative control. Interactions between pGBKT7 and preys constructions and pGAD-T and baits were used as a control of
the interaction speci�city. (b) Pull-down assay demonstrating speci�c COMMD1/peptides complex in H460 cells. �ndogenous COMMD1
was precipitated from H460 cell lysates. e biotinylated peptides bond to streptavidin sepharose was used as bait and cell lysates as prey.
e precipitated material was analysis by Western blot using antibodies directed against endogenous COMMD1. C (−) indicates streptavidin
sepharose without peptide. Actin was used as input housekeeping. Relative levels of precipitated COMMD1were determined by densitometry
and normalized to actin. Ratios were depicted under each lane (RI) relative to COMMD1 levels immuprecipitated with peptide L-20. ImajeJ
was used for quanti�cation.

3.2. CIGB-552 Accumulates COMMD1 in Human Cancer
Cells. Given that COMMD1 was identi�ed as a protein that
associates to the above-mentioned antitumor peptides, we
studied the role of COMMD1 in the mechanism of action
of CIGB-552. First, the cellular expression of COMMD1 in
whole-cell lysates of human cancer cells of different histo-
logical origin was determined using Western blot analysis,
and the proteasome inhibitor MG132 which induces the
accumulation of COMMD1 was used as a positive control
[27]. ese experiments revealed an increase in the lev-
els of COMMD1 aer 5 h of treatment with the peptide.
Treatment with MG132 led to the increase of COMMD1
but not at a greater extent than CIGB-552 (Figure 2(a)).
e cellular accumulation of COMMD1 was also found in
situ immuno�uorescence in human cancer cells. Both cell
lines assayed, MCF7 and HT29, showed the accumulation of
COMMD1 aer 5 h of treatment with the peptide similar to
the obtained results by Western blot (Figure 2(b)). Talking
together these data con�rm that the peptide CIGB-552
induces the accumulation of COMMD1.

COMMD1 undergoes constitutive nucleocytoplasmic
transport and its nuclear localization is needed for negative
regulation of NF-𝜅𝜅B signaling [28]. Since our interest in this
study is focused on the human lung cancer, the levels of the
protein COMMD1 in the cytoplasm and nucleus of the H460
cells treated with CIGB-552 were evaluated by Western blot.
We found a low expression of COMMD1 in untreated cells.
However, in response to CIGB-552, COMMD1was increased

in the cytoplasm and nucleus of cells at 40min following
treatment, and, most interestingly, this increment remained
until up to 5 h aer treatment (Figure 2(c)). To examine
whether the increase of COMMD1 levels is due to an increase
in the RNA expression, a qPCR experiment was performed.
e results showed that increased levels of COMMD1 were
not accompanied by signi�cant changes inmRNA expression
of the protein (Figure 2(d)), suggesting a posttranscriptional
effect of CIGB-552 on COMMD1.

3.3. CIGB-552 Promotes the Ubiquitination of RelA Subunit of
NF-𝜅𝜅B. It has been known that overexpression of COMMD1
accelerates the ubiquitination and degradation of the RelA
subunit of NF-𝜅𝜅B and decreases the activation of anti-
apoptotic genes [29]. Taking into account the above data,
the second question to elucidate in this study was the effect
of CIGB-552 on the NF-𝜅𝜅B signaling in human lung cancer
cells. e effect of CIGB-552 on the endogenous levels of
ubiquitinated RelA was investigated. Immunoprecipitation
of endogenous RelA using a mouse anti-RelA followed by
antiubiquitin Western blot con�rmed the increased amounts
of ubiquitinated RelA in response to the peptide as early
as 2 h aer treatment, and the increment remained for 12 h
aer treatment (Figure 3(a)). Immunoprecipitation using a
rabbit anti-IgG as negative control did not result in the
recovery of ubiquitinated RelA, indicating the speci�city of
the recoveredmaterial. As shown in Figure 3(a), CIGB-552 as
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F 2: CIGB-552 promotes accumulation of endogenous COMMD1. (a) e cell lines H460, HT-29, and MCF-7 were treated with CIGB-
552 (25, 60, and 20 𝜇𝜇M, resp.) or MG132 (25 𝜇𝜇mol/L) during 5 h. e levels of COMMD1 were determined by Western blot analysis of
whole-cell lysates. NT untreated cells. Actin was used as a control for protein loading. (b) Cellular distribution of COMMD1 in HT-29 and
MCF-7 cells followingCIGB-552 treatment. Representative confocalmicrographs of the duplicate samples are shown (scale bar = 5 𝜇𝜇m). Color
bar (bottom le of the �gure) indicate the signal strength. (c) In H460 cells, the localization of endogenous COMMD1 in the presence of
CIGB-552 (25 𝜇𝜇M) at the indicated times was determined by cell fractionation followed by immunoblotting using antibodies directed against
endogenous COMMD1. e protein expression of human ribonucleoprotein (hRNP) and tubulin were used as loading controls and markers
for nuclear and cytosolic fractions. Nuc indicates nuclear fraction and cyt indicates cytosolic fractions. (d) COMMD1 mRNA expression
determined aer CIGB-552 treatment in H460 cells. mRNA expression was normalized to an expression on time point zero and shown as
the mean fold induction ± SEM of three biological replicates. No differences were found at any time in the levels of COMMD1 mRNA.

well asMG132 (used as a positive control) increased the ubiq-
uitinated forms of RelA. To investigate whether the CIGB-
552 induces ubiquitination and subsequent degradation of
RelA through a proteasome-dependent process, the effect
of MG132 and CIGB552 on the basal levels of the protein
was tested. Treatment with CIGB-552 led to a decrease in
basal levels of RelA, while protein levels were accumulated in
the presence of MG132 treatment and CIGB-552. is result

suggests that CIGB-552 induces ubiquitination of RelA and
promotes its proteasomal degradation (Figure 3(b)).

3.4. CIGB-552 Regulates Apoptosis-Related Proteins in H460
Cells. Further, we assess whether CIGB-552 could modu-
late the expression of proteins involved in the intracellular
apoptosis signaling. As shown in Figure 3(c), proapoptotic
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T 2: Effect of L-2 and CIGB-552 on the cell viability in different tumor cell lines.

Tumor cell line Origin L-2 IC50 (𝜇𝜇M)∗ CIGB-552 IC50 (𝜇𝜇M)∗

H460 Human nonsmall-cell lung cancer 57 ± 6 23 ± 8
H-125 Human nonsmall-cell lung cancer 75 ± 9 42 ± 6
H-82 Human small-cell lung cancer 50 ± 6 15 ± 3
LS174T Human colon adenocarcinoma 56 ± 3 22 ± 4
MDA-231 Human breast adenocarcinoma 125 ± 3 40 ± 9
PBMC Human mononuclear cells 234 ± 9 249 ± 6
e peptides were added to 10,000 cells in a range of concentrations from 0 to 200 𝜇𝜇M. Aer 48 hours of incubation, cell viability was determined by SRB
(sulforhodamine B, sodium salt) assay. Finally, absorbance was measured at 492 nm, and the IC50 values were calculated from the growth curves.
∗Mean ± SD of three determinations. Data were obtained from two different experiments.
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protein Bax was markedly induced, whereas Bcl-2 was sig-
ni�cantly inhibited aer 12 h of treatment with the peptide,
indicating that the apoptotic effect of CIGB-552 is partly
caused by upregulating the Bax/Bcl-2 protein ratio, which
is a critical determinant of apoptosis. Additionally, Western

immunoblotting showed a signi�cant appearance of cleaved
caspase-3 and PARP in H460 cells aer 24 h of treatment
with CIGB-552 (Figure 3(c)). A downstream event in the
activation of the caspase-3 is the PARP cleavage. PARP
helps cells to maintain their viability; the cleavage of PARP
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facilitates cellular disassembly and serves as a marker of
cells undergoing apoptosis. Our results provide molecular
evidence of apoptosis induction by CIGB-552 treatment.

e kinetics of responses to CIGB-552 was examined.
We found that RelA ubiquitination occurred within 2 h of
treatment (Figure 3(a)) and was associated with a nuclear
accumulation of COMMD1 (Figure 2(c)). ese early events
had no effect on the levels of apoptotic-related proteins (Fig-
ure 3(c)). Based on our observations so far, the accumulation
of COMMD1 and ubiquitination of RelA are events that
precede a repression of the antiapoptotic activity of NF-𝜅𝜅B.

�.5. C����� �e���e��y ��te�� �e��adat��� �� �e�� �ed�-
ated by CIGB-552. To assess if COMMD1 has a functional

role in the antitumor activity of CIGB-552, knockdown of
COMMD1 by siRNA was generated in H460 cell line and the
cytotoxic effect of the peptide was determined. As shown in
Figure 4(a), the cytotoxic activity of CIGB-552 in knockdown
cells decreased in comparison to control cells. To con�rm that
the observed reduction in the antitumor effect of CIGB-552
in knockdown cells was not an artifact, the levels of protein
were determined by Western blot. As shown in Figure 4(a),
COMMD1 expression decreased in respect to control cells
(top of the �gure). However, the cytotoxic activity of the
peptide was not completely blocked in knockdown cells. is
result might be explained by the efficiency of knockdown but
we do not discard that other factors could be involved in the
cytotoxic activity of the peptide.
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F 5: COMMD1 is involved in the apoptosis induced by CIGB-552. H460 cells were transfected with control or COMMD1 siRNA and
then treated with CIGB-552 (25 𝜇𝜇M) for 24 h. e cell cycle distribution analysis was done on FAC�Calibur �ow cytometer using Cell�uest
soware (Becton Dickinson). e percentage of apoptotic cells (sub-G0 peak) within the total cell population was calculated. Data shown
here are from a representative experiment repeated two times with similar results.

e reduced cytotoxic activity of the peptide in
COMMD1 knockdown cells could be associated with
decreased RelA ubiquitination and degradation. To study
this possibility, the endogenous ubiquitination of the RelA
levels in control and COMMD1 knockdown cells treated
with the peptide was examined. As shown in Figure 4(b),
COMMD1 de�ciency cells resulted in lesser levels of
ubiquitinated RelA when treated with the CIGB-552 in
respect to the control cells. Next, we examined the levels of
endogenous RelA and Bcl-2 in cytosolic extracts of control
and COMMD1 de�ciency cells usingWestern blot. As shown
in Figure 4(c), COMMD1 knockdown cells showed greater
levels of RelA and Bcl-2 proteins when treated with the
CIGB-552 in respect to the control cells.

We have previously reported that the cytotoxic effect
of the L-2 peptide involved cell cycle arrest followed by
cell death [1]. erefore, the possibility that COMMD1
might be involved in the cell death induced by CIGB-552
was explored. To elucidate this, the alteration of the cell
division cycle in control and COMMD1 knockdown cells
was analyzed by �ow cytometry. As shown in Figure 5,
control cells undergoing apoptosis aer 24 h of treatment
showed a signi�cant increase in the sub-G0 peak. In contrast,
the apoptosis induced by the CIGB-552 was blocked in
COMMD1 knockdown cells. Apoptosis can be assessed by
using several characteristic features of programmed cell
death. One variable of apoptosis is phosphatidylserine exter-
nalization, which can be measured by Annexin V staining.
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independent experiments with similar �ndings.

e effect of the CIGB-552 on Annexin V staining was
determined aer 24 h and 48 h of treatment. As shown in
Figure 6, control cells treated with CIGB-552 showed a
signi�cant increase in Annexin V positive cells compared
with COMMD1 knockdown cells.

Altogether, these results support the hypothesis of the
effect of COMMD1 on the apoptosis induced by CIGB-552.

3.6. Altered Redox Status of H460 Treated with CIGB-552.
e maturation and activation of the antioxidant superoxide
dismutase (SOD1) are highly regulated processes that require
several posttranslational modi�cations. Recently, it has been
described that COMMD1 is a novel interaction partner of
SOD1. COMMD1 impairs SOD1 activity by reducing the
expression levels of enzymatically active SOD1 homodimers
late in the posttranslationalmaturation process of SOD1 [30].

Our previous results demonstrated that CIGB-552
induces the accumulation of COMMD1 in the cytosol. Next,
we considered it important to determine the relevance of this
accumulation in the enzymatic activity of SOD1, and the
antioxidant capacity of the lung cancer cells. e activity of
the superoxide dismutase SOD1 was measured and the total
antioxidant capacity was evaluated by FRAP. Consistent with
our expectation, the activity of SOD1 in knockdown cells
is markedly increased compared to H460 cells aer 8 h of

treatment with CIGB-552 (Figure 7(a)). In line with Vonk’s
report [30], we also found that endogenous COMMD1
modulates SOD1 activity. As shown in Figure 7(b), the
total antioxidant capacity was signi�cantly diminished aer
8 h of treatment. Next, we examined the levels of protein
and lipid peroxidation, as a sign of oxidative stress damage
by the formation of MDA (malondialdehyde) and AOPP
(advance oxidation protein products) [31]. Concordantly,
the levels of MDA and AOPP markedly increased aer
8 h of treatment, likely in response to an imbalance in the
antioxidant capacity Figure 7(c). Altogether, these data
demonstrate that CIGB-552 might promote cell cycle arrest
and apoptosis by inducing damage to proteins and lipids in
lung cancer cells.

4. Discussion

Our previous studies showed that the substitution of alanine
in speci�c amino acids of the region LALF32−51 led to the
design of peptides that lost the ability to bind LPS and
exhibit a differential cytotoxic activity (L-2 and L-20). In this
study, we developed the peptide CIGB-552 from the chemical
optimization in the primary structure of the peptide L-2 with
the purpose of reducing the elimination and biodegradation
of the peptide and increasing selectivity or affinity to its
potential target [32].
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F 7: CIGB-552 modi�es the redox status in lung cancer cells. H460 cells were treated with CIGB-552 (25 𝜇𝜇M) for the indicated times.
(a) Activity of SOD1, H460 siRNA was used as a control of the experiment. (b) Total antioxidant capacity measured by FRAP. (c) Levels of
proteins and lipids peroxidation measured by concentration of malondialdeyde (MDA) and advanced oxidative protein products (AOPP).
Means ± SD (𝑛𝑛 𝑛 𝑛). ∗𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 statistically signi�cant. NT indicates untreated cells.

First we con�rmed that the peptides L-2 and L-20 bound
the region 111–190 of COMMD1 protein. Particularly a
higher capacity of binding was shown by the peptide L-
2 and this correlated with its higher cytotoxic activity [1].
Interestingly, our subsequent studies using the pull-down
technique demonstrated that modi�cations in the primary
structure of the peptides increased the affinity to associate
COMMD1 and this correlated with increased antitumor
activity. For the �rst time, our results identi�ed COMMD1
as a potential target of the anticancer peptide CIGB-552 and
indicated that targeting of a protein-peptide interaction may
be a strategy to increase the speci�city and biological activity
of novel anticancer peptides derived from LALF32−𝑃1 region.

Recently, it has been reported that a decreased expression
of COMMD1 is frequently observed in a variety of cancers
and that this correlates with tumor invasion as well as with
the overall patient survival. is suggests that decreased
COMMD1 expression might represent a novel mechanism
that confers cancer cells with invasion potential and prolif-
erating capacity [13]. CIGB-552 was undoubtedly found to
accumulate COMMD1 in cancer cells and this accumulation
was not accompanied by changes in the mRNA expression.
ese data suggested the outstanding possibility that CIGB-
552 may stabilize COMMD1 through posttranscriptional
events. e basal levels of COMMD1 expression are tightly
regulated by XIAP (X-linked inhibitor of apoptosis). e
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interaction between COMMD1 and XIAP have beenmapped
to the COMM domain and identi�ed leucine repetitions
within the COMM domain are required for ubiquitination
and proteasomal degradation of COMMD1 [33]. Interest-
ingly, the peptides derived fromLALF32−51 regionwere found
to bind COMM domain (amino acids 119–190) and, more
important, our results provide the �rst indication that CIGB-
552 could regulate the levels of COMMD1 to induce the cell
death in cancer cells. e mechanism by which CIGB-552
induces the stabilization of COMMD1 is currently the issue
of ongoing researches in our lab.

A central function of NF-𝜅𝜅B, in particular of RelA sub-
unit, is the regulation of cellular growth and apoptosis [11].
Besides, the persistent activation of NF-𝜅𝜅B is a recognized
contributory factor in a number of carcinomas and may
provide the cancer cells with a survival advantage [34].
Recently, it has been demonstrated that ubiquitination and
the degradation of RelA subunit by COMMD1-containing
ubiquitin ligase is a critical mechanism of regulation of the
antiapoptotic activity of NF-𝜅𝜅B and this event has consider-
able relevance to cancer prevention and therapy, as well as the
postinduction regulation of RelA/NF-𝜅𝜅B [7, 35].

It was found in this study that the treatment of lung
cancer cells with CIGB-552 increased the levels of the protein
COMMD1 in the cytoplasm and nucleus. is observation,
along with the fact that COMMD1 can repress NF-𝜅𝜅B activa-
tion, suggests a signi�cant role forCIGB-552 in the regulation
of RelA/NF-𝜅𝜅B in lung cancer cells. Our results demonstrated
that CIGB-552 induces the ubiquitination of the RelA subunit
of NF-𝜅𝜅B and our data also indicated that this effect promotes
its proteasomal degradation. e stabilization and nuclear
accumulation of COMMD1 mediated by CIGB-552 could
be an attractive mechanism for the regulation of the con-
stitutive activity of the transcription factor NF-𝜅𝜅B in cancer
cells.

Consistently, our studies showed a role for COMMD1
in the cytotoxic effect of CIGB-552. H460 knockdown of
COMMD1 was more resistant to the cytotoxic effect of
the peptide, and this COMMD1 de�ciency correlates with
reduced levels of ubiquitinated RelA and apoptosis.

Oxidative stress, involved in the etiology of cancer, results
from an imbalance in the production of reactive oxygen
species (ROS) and the cells’ own antioxidant defenses. High
levels of oxidative stress have been observed in various types
of cancer cells. Accordingly, there is an aberrant regulation
of redox homeostasis and stress adaptation in cancer cells and
this event is associated with drug resistance [36, 37]. Here, we
found that the treatment of the lung cancer cells with CIGB-
552 impaired the SOD1 activity and it could be associated
with the accumulation of COMMD1. Moreover, the CIGB-
552 induced a failure of the antioxidant defenses and this
effect was accompanied by damage to proteins and lipids.
ese observations suggest that CIGB-552 plays a signi�cant
role in the regulation of the redox status of cancer cells.

5. Conclusions

Altogether, our results demonstrate that CIGB-552 could reg-
ulate the anti-apoptotic activity of NF-𝜅𝜅B and the oxidative

stress in lung cancer cells, two biological processes involved
in the survival and growth of tumor cells.
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This paper discusses the role of peptides in cancer therapy with special emphasis on peptide drugs which are already approved and
those in clinical trials. The potential of peptides in cancer treatment is evident from a variety of different strategies that are available
to address the progression of tumor growth and propagation of the disease. Use of peptides that can directly target cancer cells
without affecting normal cells (targeted therapy) is evolving as an alternate strategy to conventional chemotherapy. Peptide can be
utilized directly as a cytotoxic agent through various mechanisms or can act as a carrier of cytotoxic agents and radioisotopes by
specifically targeting cancer cells. Peptide-based hormonal therapy has been extensively studied and utilized for the treatment of
breast and prostate cancers. Tremendous amount of clinical data is currently available attesting to the efficiency of peptide-based
cancer vaccines. Combination therapy is emerging as an important strategy to achieve synergistic effects in fighting cancer as a
single method alone may not be efficient enough to yield positive results. Combining immunotherapy with conventional therapies
such as radiation and chemotherapy or combining an anticancer peptide with a nonpeptidic cytotoxic drug is an example of this
emerging field.

1. Introduction

Mortality from cancer is about to surpass that from cardio-
vascular diseases in near future. About 7 million people die
from cancer-related cases per year, and it is estimated that
there will be more than 16 million new cancer cases every
year by 2020 [1, 2]. Cancer is characterized by uncontrolled
division of cells and the ability of these cells to invade other
tissues leading to the formation of tumor mass, vascular-
ization, and metastasis (spread of cancer to other parts of
the body) [3]. Though angiogenesis (growth of new blood
vessels from preexisting vessels) is a normal and vital process
in growth and development, it is also a fundamental step in
the transition of tumors from a dormant state to a malignant
one [4]. Chemotherapy is one of the major approaches to
treat cancer by delivering a cytotoxic agent to the cancer cells.
The main problem with the conventional chemotherapy is
the inability to deliver the correct amount of drug directly
to cancer cells without affecting normal cells [5]. Drug
resistance, altered biodistribution, biotransformation, and
drug clearance are also common problems [5]. Targeted

chemotherapy and drug delivery techniques are emerging
as a powerful method to circumvent such problems [6–10].
This will allow the selective and effective localization of drugs
at predefined targets (e.g., overexpressed receptors in cancer)
while restricting its access to normal cell thus maximizing
therapeutic index and reducing toxicity.

Discovery of several protein/peptide receptors and
tumor-related peptides and proteins is expected to create
a “new wave” of more effective and selective anticancer
drugs in the future, capturing the large share of the cancer
therapeutic market [6, 8, 11]. The “biologics” treatment
option against cancer includes the use of proteins, mono-
clonal antibodies, and peptides. The monoclonal antibodies
(mAbs) and large protein ligands have two major limitations
compared to peptides: poor delivery to tumors due to their
large size and dose-limiting toxicity to the liver and bone
marrow due to nonspecific uptake into the reticuloendothe-
lial system. The use of such macromolecules has therefore
been restricted to either vascular targets present on the
luminal side of tumor vessel endothelium or hematological
malignancies [12–17]. Peptides possess many advantages,
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such as small size, ease of synthesis and modification, tumor-
penetrating ability, and good biocompatibility [18, 19].
Peptide degradation by proteolysis can be prevented by
chemical modifications such as incorporation of D-amino
acids or cyclization [18].

Over the years peptides have been evolved as promising
therapeutic agents in the treatment of cancer, diabetes,
and cardiovascular diseases, and application of peptides
in a variety of other therapeutic areas is growing rapidly.
Currently there are about 60 approved peptide drugs in the
market generating an annual sale of more than $13 billion
[18]. Out of four peptide drugs in the market which have
reached global sales over $1 billion, three peptides are used
in treating cancer directly or in the treatment of episodes
associated with certain tumors (leuprolide, goserelin, and
octreotide). The number of peptide drugs entering clinical
trials is increasing steadily; it was 1.2 per year in the 1970s, 4.6
per year in the 1980s, 9.7 per year in the 1990s, and 16.8 per
in 2000s [19]. There are several hundred peptide candidates
in the clinic and preclinic development. From 2000 onwards,
peptides entering clinical study were most frequently for
indications of cancer (18%) and metabolic disorders (17%)
[20].

This paper focuses on different strategies of employing
peptides in cancer treatment and management. A special
emphasis is given to current peptide drugs available in
the market for treating cancer and also peptide candidates
in clinical and preclinical stages of development. Peptides
can be utilized in a number of different ways in treating
cancer [8–10, 19]. This includes using peptides directly
as drugs (e.g., as angiogenesis inhibitors), tumor target-
ing agents that carry cytotoxic drugs and radionuclides
(targeted chemotherapy and radiation therapy), hormones,
and vaccines. Different possible cancer treatment options
using peptides are summarized in Figure 1. Due to the
ability to bind to different receptors and also being part
of several biochemical pathways, peptides act as potential
diagnostic tool and biomarkers in cancer progression. Out of
these different possibilities, peptide drugs currently available
in the market come from peptide hormone therapy and
tumor targeting agents carrying radionuclides (peptide-
receptor radio nuclide therapy and imaging). Exceptions to
these are two short chain peptide-related drugs, bortezomib
and mifamurtide [21, 22]. There is a tremendous progress
in other areas such as peptide-vaccine development and
peptide angiogenesis inhibitors, and several clinical trials
are underway which is expected to bear fruit in near future
providing better options to millions of cancer patients.

2. Peptide Hormones: LHRH
Agonists and Antagonists

The best classical example of the application of peptides in
cancer treatment is the use of LHRH (luteinizing hormone-
releasing hormone) agonists introduced by Schally et al. as
a therapy for prostate cancer [23–25]. Since then, depot
formulations of LHRH agonists such as buserelin, leuprolide,
goserelin, and triptorelin have been developed for more

Vaccine

Drug carrier

Hormone

Cancer cell

Radionuclide carrier

Drug-direct

Peptide 
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Figure 1: Different possible treatment options of cancer using
peptides. Peptides can be used as anticancer drug, cytotoxic drug
carrier, vaccine, hormones, and radionuclide carrier.

efficacious and more convenient treatment of patients with
prostate cancer [26–28]. Administration of these peptides
causes downregulation of LHRH receptors in the pituitary,
leading to an inhibition of follicle-stimulating hormone
(FSH) and LH release, and a concomitant decrease in
testosterone production. This offered a new method for
androgen deprivation therapy in prostate cancer patients.
Discovery of LHRH antagonists resulted in therapeutic
improvement over agonists as they cause an immediate
and dose-related inhibition of LH and FSH by competitive
blockade of the LHRH receptors. To date, many potent
LHRH antagonists are available for the clinical use in
patients. Cetrorelix was the first LHRH antagonist given
marketing approval and, thus, became the first LHRH antag-
onist available clinically [29]. Subsequently new generation
LHRH antagonists such as abarelix and degarelix have been
approved for human use [30, 31]. A list of LHRH agonists
and antagonists available in the market is shown in Table 1.

3. Peptide as Radionuclide Carrier:
Somatostatin Analogues in Cancer Therapy
and Peptide Receptor Radionuclide
Therapy (PRRT)

Apart from the use of peptide-based LHRH agonists and
antagonists for treating cancer, somatostatin analogues are
the only approved cancer therapeutic peptides in the market
[32]. Potent analogues of somatostatin (peptide hormone
consisting of 14 amino acids, found in δ cells of the pancreas
as well as in hypothalamic and other gastrointestinal cells)
including octreotide (sandostatin) have been developed for
the treatment of acromegaly, gigantism, thyrotropinoma,
diarrhea and flushing episodes associated with carcinoid
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Table 1: LHRH agonists and new generation antagonists available in the market.

Peptide Sequence comparison Indications

Agonists

Buserelin Pyr-His-Trp-Ser-Tyr-D-Ser(OtBu)-Leu-Arg-Pro-NHEt Prostate cancer

Gonadorelin Pyr-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2
Cystic ovarian disease, agent for evaluating

hypothalamic-pituitary gonadotropic function

Goserelin Pyr-His-Trp-Ser-Tyr-D-Ser(OtBu)-Leu-Arg-Pro-AzGly-NH2 Prostate cancer; breast cancer

Histrelin Pyr-His-Trp-Ser-Tyr-D-His(N-benzyl)-Leu-Arg-Pro-NHEt Prostate cancer; breast cancer

Leuprolide Pyr-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt Prostate cancer; breast cancer

Nafarelin Pyr-His-Trp-Ser-Tyr-2Nal-Leu-Arg-Pro-Gly-NH2
Treat symptoms of endometriosis, central precocious

puberty

Triptorelin Pyr-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NH2 Prostate cancer; breast cancer

Antagonists

Abarelix Ac-D-2Nal-D-4-chloroPhe-D-3-(3′-pyridyl)
Ala-Ser-(N-Me)Tyr-D-Asn-Leu-isopropylLys-Pro-DAla-NH2

Prostate cancer

Cetrorelix Ac-D-2Nal-D-4-chloroPhe-D-3-(3′-pyridyl)
Ala-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH2

Prostate cancer; breast cancer

Degarelix
Ac-D-2Nal-D-4-chloroPhe-D-3-(3′-pyridyl)
Ala-Ser-4-aminoPhe(L-hydroorotyl)- D-4-

aminoPhe(carbamoyl)-Leu-isopropylLys-Pro-D-Ala-NH2

Prostate cancer

Ganirelix
Ac-D-2Nal-D-4-chloroPhe-D-3-(3′-pyridyl)

Ala-Ser-Tyr-D-(N9, N10-diethyl)-homoArg-Leu-(N9,
N10-diethyl)-homoArg-Pro-D-Ala-NH2

Fertility treatment

syndrome, and diarrhea in patients with vasoactive intestinal
peptide-secreting tumors (VIPomas) [33]. Similarly, another
long-acting analogue of somatostatin, lanreotide (somat-
uline), is used in the management of acromegaly and
symptoms caused by neuroendocrine tumors, most notably
carcinoid syndrome and VIPomas [34].

Most neuroendocrine tumors (NETs) feature a strong
overexpression of somatostatin receptors, mainly of subtype
2 (sst2). Currently five somatostatin receptor subtypes (sst)
are known (sst1-5) [32, 35]. The density of these receptors
is vastly higher than on nontumor tissues. Therefore,
somatostatin receptors are attractive targets for delivery of
radioactivity via radiolabeled somatostatin analogs. The sst2
has been shown to internalize into the cell in a fast, efficient,
and reversible manner after specific binding of a receptor
agonist. This molecular process is likely to be responsible
for the high and long-lasting uptake of radioactivity in the
target cell after binding of the radiolabeled somatostatin ana-
log. Introduced in the late 1980s, [111In-DTPA]-octreotide
(Octreoscan), the first available radiolabeled somatostatin
analog, rapidly became the gold standard for diagnosis of
sst-positive NETs [36, 37]. Numerous peptide-based tracers
targeting somatostatin receptors have been developed over
the past decade [36, 37]. Octreoscan and NeoTect (tc-
99m depreotide) are the only radiopeptide tracers on the
market approved by the Food and Drug Administration
[37, 38]. An octreotide scan or octreoscan is a type of
scintigraphy used to find carcinoid and other types of tumors
and to localize sarcoidosis. Octreotide, a drug similar to
somatostatin, is radiolabeled with indium-111 and is injected
into a vein and travels through the bloodstream. The radioac-
tive octreotide attaches to tumor cells that have receptors

for somatostatin. A radiation-measuring device detects the
radioactive octreotide and makes pictures showing where the
tumor cells are in the body. NeoTect is a radioactive imaging
test used to evaluate certain lung lesions in patients who test
positive for lung lesions using other imaging tests (e.g., CT or
MRI) and have been diagnosed with cancer or have a strong
likelihood of cancer. NeoTect identifies certain cells that may
be associated with lung cancer and sometimes with other
conditions [38].

Peptide receptor radionuclide therapy (PRRT) combines
octreotide (or other somatostatin analogs) with a radionu-
clide (a radioactive substance) to form highly specialized
molecules called radiolabeled somatostatin analogues or
radiopeptides [39–48]. Radiolabeled somatostatin analogs
generally comprise three main parts: a cyclic octapeptide
(e.g., octreotide), a chelator (e.g., DTPA or DOTA), and a
radioactive element (111In, 90Y, or 177Lu). These radiopep-
tides can be injected into a patient and will travel throughout
the body binding to carcinoid tumor cells that have receptors
for them. Once bound, these radiopeptides emit radiation
and kill the tumor cells they are bound to (Figure 2). PRRT
using [111In-DTPA]-octreotide (where DTPA is diethylene-
triamine pentaacetic acid) is feasible because, besides gamma
radiation, 111In emits both therapeutic Auger and internal
conversion electrons having tissue penetration ability [39,
40]. However, studies have shown that 111In-coupled pep-
tides are not efficient for PRRT, as the short distance traveled
by Auger electrons after emission means that decay of 111In
has to occur close to the cell nucleus to be tumoricidal
[39, 40]. It was found that replacement of phenylalanine by
tyrosine as the third amino acid in the octapeptide leads
to an increased affinity for somatostatin-receptor subtype 2.
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Figure 2: Peptide receptor radionuclide therapy (PRRT); radiolabeled somatostatin analogs generally comprise three main parts: a cyclic
octapeptide (e.g., Tyr3-octreotide or Tyr3-octreotate), a chelator (e.g., DTPA or DOTA), and a radioactive element. Radioisotopes commonly
used in PRRT are 111In, 90Y, and 177Lu.

This resulted in the development of next generation therapy
using 90Y-DOTA, Tyr3-octreotide [41–44]. This compound
has DOTA (tetraazacyclododecane tetraacetic acid) instead
of DTPA as the chelator, which allows stable binding of 90Y,
a β-emitting radionuclide. Various clinical trials around the
world showed that it is better than [111In-DTPA]-octreotide
in treating gastroenteropancreatic neuroendocrine tumors
(GEPNETs). A third generation of somatostatin-receptor-
targeted radionuclide therapies was introduced using 177Lu-
DOTA, Tyr3-octreotate [49, 50]. The only difference between
DOTA, Tyr3-octreotate and DOTA, Tyr3-octreotide is that
the C-terminal threoninol of DOTA, Tyr3-octreotide is
replaced with the amino acid, threonine. As a result, DOTA,
Tyr3-octreotate displays improved binding to somatostatin-
receptor-positive tissues when compared with DOTA, Tyr3-
octreotide [49]. Gastroenteropancreatic tumors predomi-
nantly express subtype 2 of the somatostatin receptor, and
DOTA, Tyr3-octreotate has a sixfold to ninefold increased
affinity for this receptor subtype in vitro compared with
DOTA, Tyr3-octreotide [43, 49, 50]. 177Lu-octreotate was
very successful in terms of tumor regression and survival in
an experimental model in rats. 177Lu-labeled somatostatin
analogs have an important practical advantage over their
90Y-labeled counterparts: 177Lu is not a pure β emitter, but
also emits low-energy γ rays, which allows direct posttherapy
imaging and dosimetry. Treatment with 177Lu-octreotate
resulted in a survival benefit of several years and markedly
improved quality of life. PRRT might soon become the
therapy of choice for patients with metastatic or inoperable
GEPNETs. Nowadays, different somatostatin analogs are
available not only for therapeutic purposes but also when
labeled with b1-emitters (e.g., 68Ga and 64Cu) for tumor
imaging with integrated PET/CT scanners [51, 52]. The
PET/CT technology provides a highly valuable combination

of physiologic and anatomic information and has been
shown to impact significantly on the patient’s management.

Tumor imaging and PRRT have been extended to many
other receptors such as Gastrin-releasing peptide/bombesin
(GRP) and Cholecystokinin (CCK) in recent years [53,
54]. Radiolabelled receptor antagonists are also emerging as
alternatives in this area [55, 56].

4. Peptide Vaccines

Active immunization seems to be one of the promising
strategies to treat cancer though many approaches based
on the employment of immune cells or immune molecules
have been studied [57, 58]. In the last decade, this idea
of vaccinations against cancer has transformed into clinical
studies aiming to optimally deliver vaccines based on defined
antigens to induce anticancer immunity. This method of
treating cancerous cells relies on vaccines consisting of
peptides derived from the protein sequence of candidate
tumor-associated or specific antigens [57]. Tumor cells
express antigens known as tumor-associated antigens (TAAs)
that can be recognized by the host’s immune system (T
cells). Many TAAs have already been identified and molec-
ularly characterized [59, 60]. These TAAs can be injected
into cancer patients in an attempt to induce a systemic
immune response that may result in the destruction of the
cancer growing in different body tissues. This procedure is
defined as active immunotherapy or vaccination as the host’s
immune system is either activated de novo or restimulated
to mount an effective, tumor-specific immune reaction that
may ultimately lead to tumor regression (Figure 3). Any
protein/peptide produced in a tumor cell that has an abnor-
mal structure due to mutation can act as a tumor antigen.
Such abnormal proteins are produced due to mutation of
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Figure 3: Peptide-based cancer vaccines: tumor cells express antigens known as tumor-associated antigens (TAAs) that can be recognized
by the host’s immune system (a). These TAAs mixed with an adjuvant can be injected into cancer patients in an attempt to induce a systemic
immune response (b). The antigen presenting cell (APC) presents the antigen to T cell ((c) and (d)), thereby the T cell is activated (e) which
results in the destruction of the cancer cell (f).

the concerned gene. Various clinical studies focus on the
therapeutic potential of active immunization or vaccination
with TAA peptides in patients with metastatic cancer [61–
63].

Most known TAAs are CTL (cytotoxic T lymphocyte
also known as CD8+ T-cells or killer T cell) epitopes
[64]. Peptide antigens are usually 8–10 amino acids long
with 2-3 primary anchor residues that interact with MHC
class 1-molecules and 2-3 residues which bind to T-cell
receptor [64, 65]. CTLs directed against peptides presented
by MHC class 1 molecules constitute powerful effectors of
the immune system against tumor cells. The T-cell antigen
receptor (TCR) on T cells recognizes the complex of a
small peptide located in the antigen-binding groove of an
MHC molecule [66]. MHC molecules (also called human
leukocyte antigens (HLAs) in humans) are subdivided into
class I molecules, which are found on all nucleated cells and
class II molecules, which are found on specialized antigen-
presenting cells (APCs) such as dendritic cells, macrophages,
B cells, and selected activated endothelial or epithelial cells.
CD4+ T cells recognize antigens bound to MHC class II
molecules, and, as noted, class II molecules are expressed on
APCs that possess the capability of antigen capture through
phagocytosis or binding to surface antibody [67, 68].

Several of the peptide vaccines have undergone phase I
and II clinical trials and have shown promising results in
immunological as well as clinical responses. The notable pep-
tide vaccines that have undergone phase I/II/III clinical trials
include HER-2/neu immunodominant peptide (lung, breast,
or ovarian cancer) [69–71], Mucin-1 (MUC-1, Stimuvax),
peptide (breast or colon cancer) [72, 73], Carcinoembryonic

antigen (colorectal, gastric, breast, pancreatic and non-
small-cell lung cancers) [74, 75], Prostate-specific membrane
antigen (prostate cancer) [76–78], HPV-16 E7 peptide (cer-
vical cancer) [79], Ras oncoprotein peptide (colorectal and
pancreatic carcinomas) [80–82], and Melanoma antigens
(Melanoma) [62, 68, 83–85]. Another vaccine known as
GV-1001 is under development, which is an injectable
formulation of a promiscuous MHC class II peptide derived
from the telomerase reverse transcriptase catalytic subunit
(hTERT). GV-1001 is currently undergoing phase II clinical
trials for liver cancer and NSCLC (non-small-cell lung
cancer) as well as a phase III trial for pancreatic cancer [86].

The peptide vaccines are relatively less expensive, easy to
manufacture and manipulate, are of defined structure, and
being synthetic in nature do not have a problem of batch-
to-batch variation. The major disadvantage of the peptide
vaccines is their weak immunogenicity. Several strategies
such as epitope enhancement, use of various T-cell epitopes,
adjuvants, incorporation of costimulatory molecules, ex vivo
loading into antigen presenting cells are being explored to
enhance the immunogenicity and efficacy of the peptide
vaccines [73–86].

5. Peptide as Cytotoxic Drug Carrier

Several peptide receptors are known which can be used as
potential drug targets in cancer therapy [53–56, 87, 88]. The
role of somatostatin receptors has already been discussed
in the previous section for peptide receptor radionuclide
therapy (PRRT). Similarly, a peptide can be conjugated to
a cytotoxic drug to deliver it to a cancer cell expressing the
corresponding peptide receptor. Such peptides are known
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as cell targeting peptides as they can specifically target a
cell expressing its receptor. Cytotoxic compounds linked to
analogs of hormonal peptides like LHRH, bombesin, and
somatostatin can be targeted to certain tumors possessing
receptors for those peptides and therefore are more selective
for killing cancer cells [89, 90]. For example, a potential
drug candidate, AEZS-108, couples a peptide LHRH with the
chemotherapeutic agent doxorubicin to directly target cells
that express LH-RH receptors, specifically prostate cancer
cells [91, 92]. A list of different peptide receptors, their
subtypes, tumors in which these receptors are expressed, and
some of the targeting agents used are depicted in Table 2 [93].
Most of the studies so far are in the area of radionuclide
therapy and imaging though a few studies examined the
transport of cytotoxic drugs such as AN-201 and doxorubicin
[94]. Nevertheless, these receptors provide good platform for
the cell-specific delivery of chemotherapeutic agents.

Apart from peptides that can selectively bind to the
previous peptide receptors, many other peptides which
are relevant to cancer treatment were discovered in recent
years. These peptides obtained by in vivo phage display
technology are known as homing peptides as they home
very specifically to various normal organs or diseased tissues
[95–97]. The RGD (Arg-Gly-Asp) and NGR (Asn-Gly-Arg)
peptides represent the first generation of homing peptides
[95]. Tumor homing of the RGD and NGR peptides appears
to be independent of the tumor type, demonstrating that
the receptors for these peptides are upregulated during
angiogenesis. The RGD motif was originally discovered in
peptides that bind to different integrins. The RGD peptide
was shown to home to malignant melanoma, breast carci-
noma xenografts, and rheumatoid arthritis model indicating
that they recognize angiogenic vessels in general. The RGD
peptides have high affinity towards the αv integrin receptors
in the angiogenic vasculature. The NGR motif was identified
in an in vivo screen on human breast carcinoma xenografts
[96]. It was originally identified as a cell adhesion motif,
and it homes selectively to tumor blood vessels and other
types of angiogenic vessels. The receptor for the NGR peptide
is a peptidase, aminopeptidase N (APN), expression of
which is upregulated in the angiogenic blood vessels. Several
other peptides such as TAASGVRSMH and LTLRWVGLMS
(chondroitin sulfate proteoglycan NG2 receptor) and F3
peptide (31 amino acid peptide that binds to cell surface-
expressed nucleolin receptor) were identified thereafter [98,
99]. Recently, homing peptides with cell-penetrating ability
were discovered [99–101]. Cell-penetrating peptides (CPPs)
are small peptides, generally less than 30 amino acids long,
that internalize very efficiently into all cells they come into
contact with [102]. These internalizing homing peptides are
similar to the classic cell-penetrating peptides, such as the
transcription-transactivating (Tat) protein of HIV-1, and
penetrating with an important exception: the internalization
of the homing peptides is cell-type-specific. Both the F3 and
LyP-1 (CGNKRTRGC) peptides are cell-type-specific CPPs
[99–101]. They are able to internalize tumor cells and blood
(F3) or lymphatic (LyP-1) endothelial cells in the tumors they
home to.

Homing peptides have been successfully used as delivery
vehicles to target imaging agents, drug molecules, oligonu-
cleotides, liposomes, and inorganic nanoparticles to tumors
and other tissues [97, 103, 104]. One drug that has been
delivered using RGD and NGR peptides is the tumor necrosis
factor-α (TNF-α) that has potent antitumor activity [98,
105]. The clinical use of TNF-α itself as an anticancer
drug is limited to local treatments due to its dose-limiting
systemic toxicity. RGD and NRG peptide-targeted TNF-α
treatment decreased tumor growth with smaller doses than
free TNF-α. The antitumor activity of NGR-TNF-α was
also studied in combination with various chemotherapeutic
drugs: doxorubicin and melphalan as well as cisplatin,
paclitaxel, and gemcitabine and compared to the efficacy
of the chemotherapeutic drugs alone in various murine
tumor models [105]. The results showed that targeted
delivery of low doses of NGR-TNF-α to tumor vasculature
increased the efficacy of various drugs acting via different
mechanisms. Moreover, transgenic mice with androgen-
independent prostate carcinoma (TRAMP-C1) were treated
with repeated cycles of doxorubicin, administered either
alone or following NGR-TNF-α administration. Pretreat-
ment with NGR-TNF-α significantly expanded the thera-
peutic index of doxorubicin and significantly delayed tumor
growth without increasing drug-related toxicity. The RGD
homing peptide has also been conjugated to doxorubicin
[97, 106]. This treatment inhibited tumor growth and
prolonged the lifespan of tumor-bearing animals. Again the
doxorubicin-RGD conjugate was less toxic than doxorubicin
alone or doxorubicin conjugated to a control peptide.
Conjugation of IL-12 (Interleukin-12) to the CDCRGDCFC
(RGD-4C) peptide, a specific ligand for αvβ3 integrin,
targets IL-12 directly to tumor neovasculature [107]. This
fusion protein stimulated interferon-γ production in vitro
and in vivo, suggesting biological activity consistent with
IL-12. Localization of IL-12 to the angiogenic vasculature
significantly enhanced the antiangiogenic effect in corneal
angiogenesis assay, augmented antitumor activity in a neu-
roblastoma model, and decreased toxicity of the IL-12.

A number of clinical trials based on RGD and NGR
targeted drug delivery are currently ongoing or recruiting
patients [108–110]. For example, a phase Ib study was
conducted to verify the safety of NGR peptide-targeted hTNF
in combination with doxorubicin in treatment of refrac-
tory/resistant solid tumors [108]. Fifteen patients received
various doses of a combination of NGR-targeted hTNF and
doxorubicin intravenously. One partial response (7%) and
ten stable diseases (66%) lasting for a median duration of 5.6
months were observed. These results prompted plans for the
phase II development (http://clinicaltrials.gov/). In addition,
a phase III trial on newly diagnosed glioblastoma has been
started [97]. A recently identified peptide called iRGD is
able to specifically recognize and penetrate cancerous tumors
but not normal tissues [111]. Chlorotoxin (a 36 amino acid
peptide derived from scorpion venom) binds preferentially
to glioma cells compared with nonneoplastic cells or normal
brain has allowed the development of new methods for the
treatment and diagnosis of cancer [112].
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Table 2: Peptide receptors which have potential in cancer therapy.

Peptide receptors Receptor subtypes Expressing tumor type Targeting agents

Somatostatin sst1, sst2, sst3, sst4, and sst5
GH-producing pituitary adenoma,

paraganglioma, nonfunctioning pituitary
adenoma, pheochromocytomas

Radioisotopes, AN-201 (a
potent cytotoxic radical

2-pyrrolinodoxorubicin),
doxorubicin

Pituitary adenylate cyclase
activating peptide (PACAP)

PAC1
Pheochromocytomas
and paragangliomas

Radioisotopes, doxorubicin

Vasoactive intestinal
peptide (VIP/PACAP)

VPAC1, VPAC2

Cancers of lung
stomach, colon, rectum, breast, prostate,

pancreatic ducts,
liver, and urinary bladder

Radioisotopes,
camptothecin

Cholecystokinin (CCK)
CCK1 (formerly CCK-A)

and CCK2

Small cell lung cancers, medullary
thyroid carcinomas, astrocytomas, and

ovarian cancers
Radioisotopes, cisplatin

Bombesin/gastrin-releasing
peptide (GRP)

BB1, GRP receptor subtype
(BB2), the BB3 and BB4

Renal cell, breast, and
prostate carcinomas

Doxorubicin,
2-pyrrolinodoxorubicin

Neurotensin NTR1, NTR2, NTR3
Small cell lung cancer, neuroblastoma,

pancreatic and colonic cancer
Radioisotopes

Substance P NK1 receptor Glial tumors Radioisotopes

Neuropeptide Y Y1–Y6 Breast carcinomas Radioisotopes

6. Anticancer Peptides

Direct use of peptide as a therapeutic agent to treat
cancer is gaining momentum in the recent years. Anticancer
activity of different peptides is attributed to a variety of
mechanisms that restrict tumor growth. The mechanism
involves the inhibition of angiogenesis, protein-protein inter-
actions, enzymes, proteins, signal transduction pathways, or
gene expression [113–120]. Another category of anti-cancer
peptides is peptide antagonists which can preferentially bind
to a known receptor [121, 122]. Moreover “pro-apoptotic”
peptides mediate significant induction of apoptosis (pro-
grammed cell death) in tumors [123–125].

Angiogenesis involves the migration, growth, and dif-
ferentiation of endothelial cells, which line the inside wall
of blood vessels. There is a tremendous effort to discover
angiogenesis inhibitors, based on peptides as the safest and
least toxic therapy for diseases associated with abnormal
angiogenesis [113]. Angiogenesis requires the binding of sig-
naling molecules, such as vascular endothelial growth factor
(VEGF), to receptors on the surface of normal endothelial
cells. When VEGF and other endothelial growth factors bind
to their receptors on endothelial cells, signals within these
cells are initiated that promote the growth and survival of
new blood vessels. Angiogenesis inhibitors interfere with
various steps in this process. A number of ongoing clinical
trials in this area focus on peptides derived from extracellular
matrix proteins, growth factors and growth factor recep-
tors, coagulation cascade proteins, chemokines, and type I
Thrombospondin domain containing proteins and serpins
[113, 114]. Recently it was found that angiotensin-(1–7) can
stop lung cancer tumor growth in mice by inhibiting blood
vessel formation [126]. The antiangiogenic agent cilengitide
(Merck) is a derivative of the RGD peptide [127–130]. It is

the inner salt of a cyclized RGD pentapeptide (cyclo-[Arg-
Gly-Asp-DPhe-(NMeVal)]) that is selective for αv integrins,
which are important in angiogenesis. It is currently under
phase II trial for the treatment of glioblastoma and refractory
brain tumors in children. Another peptide, ATN-161 (Ac-
PHSCN-NH2), is in early phase II trials for cancer [120]. It
binds to and inhibits integrins involved in tumor progression
(a5ß1, avß3, and avß5), while not inhibiting adhesion as
it is not based on the RGD sequence [131]. A dipeptide,
L-glutamine L-tryptophan (IM862) that is made normally
in the thymus gland, has shown antiangiogenic properties.
Though it was shown recently to be ineffective against AIDS-
Kaposi’s sarcoma in a phase III trial, it still holds promise for
other forms of cancer [132, 133].

BN/GRP (bombesin/gastrin-releasing peptide) peptides
were shown to bind selectively to the G-protein-coupled
receptors on the cell surface, stimulating the growth of
various malignancies in murine and human cancer models
[134, 135]. Thus, it has been proposed that the secretion
of BN/GRP by neuroendocrine cells might be responsible
for the development and progression of prostate cancer
to androgen independence. GRP is widely distributed in
lung and gastrointestinal tracts. It is produced in small
cell lung cancer (SCLC), breast, prostatic, and pancreatic
cancer and functions as a growth factor. The involvement of
bombesin-like peptides in the pathogenesis of a wide range
of human tumors, their function as autocrine/paracrine
tumoural growth factors, and the high incidence of BN/GRP
receptors in various human cancers prompted the design
and synthesis of BN/GRP receptor (GRPR) antagonists
such as RC-3095, RC-3940-II, and RC-3950 [136–138].
Recently, many researchers are focusing on the develop-
ment of GHRH (growth hormone releasing hormone—
a hypothalamic polypeptide) antagonists as potential anti-
cancer therapeutics since the GHRH is produced by various
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human tumors, including prostate cancer, and seems to
exert an autocrine/paracrine stimulatory effect on tumors
[139, 140].

Recently, scientists have designed peptides to target the
protein-protein interface of a key enzyme in DNA synthesis
crucial for cancer growth [141]. The peptides act by a novel
inhibitory mechanism and curb cancer cell growth in drug-
resistant ovarian cancer cells. These octapeptides specifically
target the protein-protein interface of thymidylate synthase.
Thymidylate synthase is composed of two identical polypep-
tide chains; that is, it is a homodimer. The peptides stabilize
the inactive form of the enzyme, show a novel mechanism of
inhibition for homodimeric enzymes, and inhibit cell growth
in drug sensitive and resistant cancer cell lines [141].

Cisplatin, cisplatinum, or cis-diamminedichloroplati-
num(II) is the first member of a class of platinum-containing
anti-cancer drugs. These platinum complexes react in vivo,
binding to and causing crosslinking of DNA, which ulti-
mately triggers apoptosis (programmed cell death). Recently,
Pt (IV)-peptide conjugates were found to be good inhibitors
of cellular proliferation when compared to a nontargeting
platinum(IV) parent compound, showing that its relatively
low cytotoxicity is greatly improved by addition of the
peptides [142]. (KLAKLAK)2 is an antimicrobial apoptosis-
inducing peptide that upon internalization causes mito-
chondrial swelling and disruption of the mitochondrial
membrane leading to apoptosis [123, 124, 143]. The RGD-
(KLAKLAK)2 and NGR-(KLAKLAK)2 were especially toxic
to angiogenic endothelial cells leading to reduced tumor
growth and metastases as well as prolonged survival. LyP-
1 is unique among the tumor homing peptides since it has
cytotoxic activity on its own [144]. When injected into the
tail vein of mice with MDA-MB-435 breast cancer xenografts,
LyP-1 peptide by itself inhibited tumor growth and reduced
the number of lymphatic vessels, thus demonstrating a
cytotoxic activity of the peptide.

7. Other Anticancer Drugs Closely
Related to Peptides

Bortezomib is the first therapeutic proteasome inhibitor to
be tested in humans [21, 145, 146]. It is approved in the
USA for treating relapsed multiple myeloma and mantle cell
lymphoma (2003). In multiple myeloma, complete clinical
responses have been obtained in patients with otherwise
refractory or rapidly advancing disease. The drug is an N-
protected dipeptide and can be written as Pyz-Phe-boroLeu,
which stands for pyrazinoic acid, phenylalanine, and leucine
with a boronic acid instead of a carboxylic acid. Mifamurtide
(Mepact) is a drug against osteosarcoma, which is lethal
in about a third of cases [147]. The drug was approved in
Europe in March 2009 and is not currently approved in the
USA. Mifamurtide is a fully synthetic derivative of muramyl
dipeptide (MDP) the smallest naturally occurring immune
stimulatory component of cell walls from Mycobacterium
species. The side chains of the molecule give it a longer
elimination half-life than the natural substance. Being a
phospholipid, it accumulates in the lipid bilayer of the
liposomes in the infusion. It recognizes muramyl dipeptide

and simulates a bacterial infection by binding to NOD2
(NOD2 is a pattern recognition receptor which is found in
several kinds of white blood cells, mainly monocytes and
macrophages) activating white cells [148]. This results in an
increased production of TNF-α, interleukin 1, interleukin
6, interleukin 8, interleukin 12, and other cytokines, as
well as ICAM-1. The activated white cells attack cancer
cells, but not other cells. Brentuximab Vedotin, an antibody
drug conjugate (ADS) approved in 2011, is a chimeric
monoclonal antibody, brentuximab (which targets the cell-
membrane protein CD30) linked to three to five units of
the antimitotic agent monomethyl auristatin E. The linker
here is a valine-citrulline dipeptide which is cleaved by
cathepsin once the conjugate has entered a tumor cell. The
antimitotic agent monomethyl auristatin E can be considered
as a peptidomimetic [149, 150].

8. Conclusion

In conclusion, peptides are poised to make a huge impact in
near future in the area of cancer treatment and diagnosis.
Targeted chemotherapy and drug delivery techniques are
emerging as an excellent tool in minimizing problems
with the conventional chemotherapy. Along with differ-
ent peptide-based cancer therapeutics already available for
patients, a number of peptide-based therapies such as cancer
vaccines, tumor targeting with cytotoxic drugs and radioiso-
topes, and anti-angiogenic peptides are currently on clinical
trials and are expected to yield positive results. Stimuvax
(palmitoylated peptide vaccine against nonsmall lung cancer,
Merck), Primovax (peptide cancer vaccine, Pharmexa),
Melanotan (precancerous actinic keratosis, Clinuvel), and
Cilengitide (Glioblastoma, Merck) are some examples of
potential peptides in late clinical trials. Due to the tremen-
dous advancement in the large scale synthesis of peptides
it will be possible to make peptide-based anti-cancer drugs
more affordable to patients. In recent years combination
therapy is emerging as an important strategy to fight cancer
as just one method may not be efficient enough to cure the
disease completely or prevent recurrence [151]. In the hope
of achieving synergistic effects, combinations of antiangio-
genesis with traditional chemotherapy are currently being
pursued in clinical trials [151–155]. For example, cilengitide
was used in a phase I/IIa combination trial, which combined
cilengitide with radiotherapy and temozolomide for newly
diagnosed Glioblastoma patients resulting in better overall
survival (OS) rates [152]. ATN-161 enhances the activity of
radiation and chemotherapy and is progressing to a phase II
trial for head and neck cancer [153]. Encouraging data are
emerging that strongly support the notion that combining
immunotherapy with conventional therapies, for example,
radiation and chemotherapy, may improve efficacy [154] in
cancer treatment and management.
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“Receptor PET/CT imaging of neuroendocrine tumors,”
Cancer Research, vol. 170, pp. 225–242, 2008.

[52] I. Buchmann, M. Henze, S. Engelbrecht et al., “Comparison
of 68Ga-DOTATOC PET and 111In-DTPAOC (Octreoscan)
SPECT in patients with neuroendocrine tumours,” European
Journal of Nuclear Medicine and Molecular Imaging, vol. 34,
no. 10, pp. 1617–1626, 2007.

[53] C. Van De Wiele, P. Phonteyne, P. Pauwels et al., “Gastrin-
releasing peptide receptor imaging in human breast car-
cinoma versus immunohistochemistry,” Journal of Nuclear
Medicine, vol. 49, no. 2, pp. 260–264, 2008.

[54] H. Zhang, J. Chen, C. Waldherr et al., “Synthesis and
evaluation of bombesin derivatives on the basis of pan-
bombesin peptides labeled with Indium-111, Lutetium-177,
and Yttrium-90 for targeting bombesin receptor-expressing
tumors,” Cancer Research, vol. 64, no. 18, pp. 6707–6715,
2004.

[55] M. Ginj, H. Zhang, B. Waser et al., “Radiolabeled somato-
statin receptor antagonists are preferable to agonists for in
vivo peptide receptor targeting of tumors,” Proceedings of
the National Academy of Sciences, vol. 103, pp. 16436–16441,
2006.

[56] D. Wild, M. Fani, M. Behe, I. Brink, J. E. Rivier, J. C. Reubi
et al., “First clinical evidence that imaging with somatostatin
receptor antagonists is feasible,” Journal of Nuclear Medicine,
vol. 52, pp. 1412–14217, 2011.

[57] R. A. Henderson, S. Mossman, N. Nairn, and M. A.
Cheever, “Cancer vaccines and immunotherapies: emerging
perspectives,” Vaccine, vol. 23, pp. 2359–2362, 2005.

[58] J. A. Berzoksky, J. D. Ahlers, and I. M. Belyakov, “Strategies
for designing and optimizing new generation vaccines,”
Nature, vol. 1, pp. 209–219, 2001.

[59] M. Hareuveni, C. Gautier, M. P. Kieny, D. Wreschner, P.
Chambon, and R. Lathe, “Vaccination against tumor cells
expressing breast cancer epithelial tumor antigen,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 87, no. 23, pp. 9498–9502, 1990.

[60] P. G. Coulie, T. Hanagiri, and M. Takenoyama, “From tumor
antigens to immunotherapy,” International Journal of Clinical
Oncology, vol. 6, no. 4, pp. 163–170, 2001.

[61] L. Eisenbach, E. Bar-Haim, and K. El-Shami, “Antitumor vac-
cination using peptide based vaccines,” Immunology Letters,
vol. 74, no. 1, pp. 27–34, 2000.

[62] G. Parmiani, C. Castelli, P. Dalerba et al., “Cancer
immunotherapy with peptide-based vaccines: what have we
achieved? Where are we going?” Journal of the National
Cancer Institute, vol. 94, no. 11, pp. 805–818, 2002.

[63] A. Beck, C. Klinguer-Hamour, M. C. Bussat et al., “Peptides
as tools and drugs for immunotherapies,” Journal of Peptide
Science, vol. 13, no. 9, pp. 588–602, 2007.

[64] G. F. Gao and B. K. Jakobsen, “Molecular interactions of
coreceptor CD8 and MHC class I: the molecular basis for
functional coordination with the T-cell receptor,” Immunol-
ogy Today, vol. 21, no. 12, pp. 630–636, 2000.

[65] H. I. Cho and E. Celis, “Optimized peptide vaccines eliciting
extensive CD8 T-cell responses with therapeutic antitumor
effects,” Cancer Research, vol. 69, no. 23, pp. 9012–9019, 2009.

[66] V. Apanius, D. Penn, P. R. Slev, L. R. Ruff, and W. K. Potts,
“The nature of selection on the major histocompatibility
complex,” Critical Reviews in Immunology, vol. 17, no. 2, pp.
179–224, 1997.

[67] M. Oshima, P. Deitiker, T. Ashizawa, and M. Z. Atassi,
“Vaccination with a MHC class II peptide attenuates cellular
and humoral responses against tAChR and suppresses clinical
EAMG,” Autoimmunity, vol. 35, no. 3, pp. 183–190, 2002.

[68] J. Banchereau, A. K. Palucka, M. Dhodapkar et al., “Immune
and clinical responses in patients with metastatic melanoma
to CD34+ progenitor-derived dendritic cell vaccine,” Cancer
Research, vol. 61, no. 17, pp. 6451–6458, 2001.



Journal of Amino Acids 11

[69] K. L. Knutson, K. Schiffman, and M. L. Disis, “Immunization
with a HER-2/neu helper peptide vaccine generates HER-
2/neu CD8 T-cell immunity in cancer patients,” Journal of
Clinical Investigation, vol. 107, no. 4, pp. 477–484, 2001.

[70] K. Sole, “HER-2/neu peptide vaccine for the prevention of
prostate cancer recurrence,” Nature Reviews Urology, vol. 3,
p. 6, 2006.

[71] M. T. Hueman, Z. A. Dehqanzada, T. E. Novak et al., “Phase I
clinical trial of a HER-2/neu peptide (E75) vaccine for the
prevention of prostate-specific antigen recurrence in high-
risk prostate cancer patients,” Clinical Cancer Research, vol.
11, no. 20, pp. 7470–7479, 2005.

[72] R. K. Ramanathan, K. M. Lee, J. McKolanis et al., “Phase
I study of a MUC1 vaccine composed of different doses
of MUC1 peptide with SB-AS2 adjuvant in resected and
locally advanced pancreatic cancer,” Cancer Immunology,
Immunotherapy, vol. 54, no. 3, pp. 254–264, 2005.

[73] K. Yamamoto, T. Ueno, T. Kawaoka et al., “MUC1 peptide
vaccination in patients with advanced pancreas or biliary
tract cancer,” Anticancer Research, vol. 25, no. 5, pp. 3575–
3579, 2005.

[74] Y. Ma, Z. H. Zhu, D. R. Situ, Y. Hu, T. H. Rong, and J. Wang,
“Expression and prognostic relevance of tumor carcino-
embryonic antigen in stage IB non-small cell lung cancer,”
Journal of Thoracic Disease, vol. 4, no. 5, pp. 490–496, 2012.

[75] M. Grunnet and J. B. Sorensen, “Carcinoembryonic antigen
(CEA) as tumor marker in lung cancer,” Lung Cancer, vol. 76,
no. 2, pp. 138–143, 2012.

[76] J. S. Weber, N. J. Vogelzang, M. S. Ernstoff et al., “A
phase 1 study of a vaccine targeting preferentially expressed
antigen in melanoma and prostate-specific membrane anti-
gen in patients with advanced solid tumors,” Journal of
Immunotherapy, vol. 34, no. 7, pp. 556–567, 2011.

[77] S. Garetto, F. Sizzano, D. Brusa, A. Tizzani, F. Malavasi, and
L. Matera, “Binding of prostate-specific membrane antigen
to dendritic cells: a critical step in vaccine preparation,”
Cytotherapy, vol. 11, no. 8, pp. 1090–1100, 2009.

[78] N. H. Akhtar, O. Pail, A. Saran, L. Tyrell, and S. T. Tagawa,
“Prostate-specific membrane antigen-based therapeutics,”
Advances in Urology, vol. 2012, Article ID 973820, 9 pages,
2012.

[79] L. Muderspach, S. Wilczynski, L. Roman et al., “A phase I
trial of a human papillomavirus (HPV) peptide vaccine for
women with high-grade cervical and vulvar intraepithelial
neoplasia who are HPV 16 positive,” Clinical Cancer Research,
vol. 6, no. 9, pp. 3406–3416, 2000.

[80] S. N. Khleif, S. I. Abrams, J. M. Hamilton et al., “A phase I
vaccine trial with peptides reflecting ras oncogene mutations
of solid tumors,” Journal of Immunotherapy, vol. 22, no. 2, pp.
155–165, 1999.

[81] M. K. Gjertsen and G. Gaudernack, “Mutated ras peptides as
vaccines in immunotherapy of cancer,” Vox Sanguinis, vol. 74,
no. 2, pp. 489–495, 1998.

[82] S. I. Abrams, P. H. Hand, K. Y. Tsang, and J. Schlom, “Mutant
ras epitopes as targets for cancer vaccines,” Seminars in
Oncology, vol. 23, no. 1, pp. 118–134, 1996.

[83] H. L. Kaufman, “Vaccines for melanoma and renal cell
carcinoma,” Seminars in Oncology, vol. 39, no. 3, pp. 263–
275, 2012.

[84] S. Markowicz, Z. I. Nowecki, P. Rutkowski et al., “Adjuvant
vaccination with melanoma antigen-pulsed dendritic cells in
stage III melanoma patients,” Medical Oncology, vol. 29, pp.
2966–2977, 2012.

[85] J. C. Yang, “Melanoma vaccines,” Cancer Journal, vol. 17, no.
5, pp. 277–282, 2011.

[86] P. Nava-Parada and L. A. Emens, “GV-1001, an injectable
telomerase peptide vaccine for the treatment of solid can-
cers,” Current Opinion in Molecular Therapeutics, vol. 9, no.
5, pp. 490–497, 2007.
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