
Contents lists available at ScienceDirect

Fish and Shellfish Immunology

journal homepage: www.elsevier.com/locate/fsi

Full length article

Evidence for antimicrobial and anticancer activity of pituitary adenylate
cyclase-activating polypeptide (PACAP) from North African catfish (Clarias
gariepinus): Its potential use as novel therapeutic agent in fish and humans

Juana Maria Lugoa,b, Carolina Tafallab, Ayme Olivac, Tirso Ponsd, Brizaida Olivae,
Carolina Aquilinob, Reynold Moralesa, Mario Pablo Estradaa,∗

a Animal Biotechnology Department, Aquatic Biotechnology Group, Center for Genetic Engineering and Biotechnology, Havana, 10600, Cuba
b Fish Immunology and Pathology Group, Animal Health Research Center (CISA-INIA), Valdeolmos, 28130, Madrid, Spain
c Animal Biotechnology Department, Veterinary Clinical Research Group, Center for Genetic Engineering and Biotechnology, Havana, 10600, Cuba
d Structural Biology and BioComputing Programme, Spanish National Cancer Research Centre (CNIO), Madrid, Spain
e Pharmaceutical Department. Laboratory of Cancer Biology. Center for Genetic Engineering and Biotechnology, Havana, 10600, Cuba

A R T I C L E I N F O

Keywords:
pacap
Fish
Antimicrobial peptides
Anticancer peptides
Cell-penetrating peptides
Bacterial and fungal pathogens
Cytotoxic activity
In silico studies

A B S T R A C T

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a regulatory neuropeptide that belongs to the
secretin/glucagon superfamily, of which some members have shown antimicrobial activities. Contrasting to
mammals, published studies on the action of PACAP in non-mammalian vertebrate immune system remain
scarce. Some of our recent studies added this peptide to the growing list of mediators that allow cross-talk
between the nervous, endocrine and immune systems in teleost fish. Regulation of PACAP and expression of its
receptor genes has been demonstrated during an immune response mounted against acute bacterial infection in
fish, though the direct effect of PACAP against fish pathogenic bacteria has never been addressed. Current work
provides evidence of antimicrobial activity of Clarias gariepinus PACAP against a wide spectrum of Gram-ne-
gative and Gram-positive bacteria and fungi of interest for human medicine and aquaculture, in which com-
putational prediction studies supported the putative PACAP therapeutic activity. Results also indicated that
catfish PACAP not only exhibits inhibitory effects on pathogen growth, but also affects the proliferation of
human non-small cell lung cancer cell line H460 in a dose-dependent manner. The observed cytotoxic activity of
catfish PACAP against human tumor cells and pathogenic microorganisms, but not healthy fish and mammalian
erythrocytes support a potential physiological role of this neuropeptide in selective microbial and cancer cell
killing. All together, our findings extend the mechanisms by which PACAP could contribute to immune re-
sponses, and open up new avenues for future therapeutic application of this bioactive neuropeptide.

1. Introduction

The increased emergences of multi-resistant human pathogenic
bacteria have become a worldwide problem [1]. Another global con-
cern is the rise in the incidence of cancer [2–4]. Lung cancer is one of
the most diagnosed forms of this disease [5]. Moreover, the intersection
between infection and cancer is highlighted by the number of cancer
deaths and new occurrences that are related to treatment or chronic
infections [6]. This phenomenon is not only related to human health-
care, but can also be observed in agriculture and veterinary applications
[7]. Fish are constantly challenged by a variety of pathogens, which not
only shows detrimental effects on their health but antibiotic treatment
of these disease outbreaks also increases the risk of pathogens becoming

resistant to conventional antibiotics, which severely affects the aqua-
culture industry [8–10]. In recent years, a promising new class of mo-
lecules has been discovered that has some advantages against both of
the above major world health concerns, such as better biocompatibility
and target selectivity over conventional drugs (reviewed in Refs.
[6,11]). Antimicrobial peptides (AMPs) are one such molecule (re-
viewed in Ref. [6]). These peptides are ancient defense molecules
considered to be one of the key protective components of all evolu-
tionary branches, providing the first line of defense against a wide
range of microbial pathogens. AMPs possess a broad spectrum of anti-
biotic activity, as well as anti-inflammatory and immunomodulatory
properties (reviewed in Refs. [7,12,13]). More recently, anticancer ac-
tivity was also described for some of these peptides (reviewed in Ref.
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[14]).
Neuropeptides are ancient signaling molecules, which are con-

ventionally defined as peptide neurotransmitters but have recently been
shown to be pleiotropic molecules that are integral components of the
nervous and immune system [15]. Similarities in size, cationic charge
or amphipathic design between some neuropeptides and AMPs suggest
that they might serve an additional function in antimicrobial immunity
[15]. Pituitary adenylate cyclase-activating polypeptide (PACAP) is a
multifunctional neuropeptide that belongs to the secretin/glucagon
superfamily [16], of which some members has shown direct anti-
microbial activity [17–20]. The vasoactive intestinal peptide (VIP)/
PACAP system consists of two peptides and three receptors: VPAC1,
VPAC2 and PAC1, belonging to family 2 of the G-protein coupled re-
ceptors [21]. PACAP plays many roles as a hypophysiotropic peptide,
neurotransmitter, neuromodulator, vasodilator and neurotropic factor
in mammals [22]. Its sequence has been remarkably conserved
throughout evolution, from fish to mammals, suggesting that this
peptide fulfils important biological functions in a broad spectrum of
organisms [23].

Despite diverse studies concerning the immune functions of PACAP
in mammals, where PACAP appears as an important endogenous im-
munomodulatory molecule exerting pro- [24–30] and anti-in-
flammatory properties (reviewed in Refs. [31,32]), information re-
garding the immune function of PACAP in aquatic organisms is still
scarce [33–40]. In past studies, our research group demonstrated that
administration of recombinant catfish PACAP, by either immersion bath
or intraperitoneal injection, influences immune functions in larval and
juvenile teleost fish [33,34]. Our published studies described, for the
first time, PACAP immunoreactivity and mRNA expression in periph-
eral blood leucocytes from North African catfish (Clarias gariepinus) and
Nile tilapia (Oreochromis niloticus) [34]. A different anatomical dis-
tribution of the two PACAP transcriptional splicing variants and its
receptors in diverse lymphoid organs of both rainbow (Oncorhynchus
mykiss) and brown (Salmo trutta) trout were also demonstrated [35,37].
Our research provided evidence of PACAP expression not only in the
brain and intestine as have been previously reported in fish but also in
other tissues related with the immune system, including in the central
(thymus) and peripheral (spleen) lymphoid organs. PACAP receptor
expression was demonstrated in primary immune tissues and in tissues
that constitute the first barriers against pathogens in fish (skin and
gills). All together, these results confirmed the hypothesis of PACAP
action by an autocrine/paracrine mechanism to mediate immune
function in fish, and added this peptide to the growing list of mediators
that allow cross-talk between the neuroendocrine and immune systems
in aquatic organisms [34,35,37,40]. We have also reported a regulation
of the VIP/PACAP system during live bacterial challenge experiments in
brown trout (S. trutta) [37], though the direct antimicrobial effect of
PACAP or PACAP-family members against aquatic pathogens has never
been published. As well, their activity as anticancer peptides (ACPs)

remains to be properly investigated.
The present study aims to investigate the prospective antimicrobial

and anticancer activity of the neuropeptide PACAP from North African
catfish (C. gariepinus). PACAP minimal inhibitory concentration (MIC)
and its half maximal inhibitory concentration (IC50) were determined
for a broad spectrum of pathogenic microorganisms of interest for
human medicine and aquaculture. The antiproliferative effect of PACAP
was evaluated and compared with the action of well-characterized
therapeutic drugs in a model cell line derived from lung cancer. Based
on the calculation of drug potency, the direct effect of PACAP on tumor
cell growth was assessed. Computational prediction studies were con-
ducted to the antimicrobial and anticancer activity of PACAP. Finally,
their cytotoxic activity in healthy mammalian and fish red blood cells
was also assessed. Overall, the current study contributes to a better
understanding of PACAP function on the immune system, and stimu-
lates renewed interest in PACAP as a new therapeutic agent for the
treatment of microbial and cancer diseases.

2. Materials and methods

2.1. Computational analyses of catfish PACAP-38

The amino acid sequence of North African catfish (C. gariepinus)
PACAP-38 was submitted to different webservers for an in silico char-
acterization. Database and web tools used in this study are given in
Table 1. Sequence analysis was done using PSI-BLAST [41] to search for
sequence similarity against the UniProt database. We also searched for
sequences similar to PACAP in anti-bacterial, antiviral, antifungal, and
anticancer peptide databases (i.e., APD3 [42], LAMP [43], CAMPr3
[44], AVPpred [45], AntiBP2 [46], iAMPpred [47] and CancerPPD
[48]).

The total net charge, theoretical isoelectric point (pI) and theore-
tical molecular mass of catfish PACAP-38 were calculated using the
APD3 and Compute pI/Mw from ExPASy, given in Table 1. The three-
dimensional (3D) structure of C. gariepinus PACAP was predicted using
the I-TASSER method [49]. The Shiffer-Edmundson helical wheel dia-
gram was predicted using a web tool (WHEEL), specified in Table 1.

Prediction of the catfish PACAP-38 regions with similarity to cell-
penetrating peptides (CPP) was done by using the CellPPD method
[50]. To complement the CellPPD results the predicted PACAP38 re-
gions were also submitted to an independent neural-network method,
CPPpred [51]. CPPpred limits the input to peptide sequences with 5–30
residues in length. A CPPpred score of 1 means very likely to be cell
penetrating peptide. A CPPpred score of 0 means very unlikely to be cell
penetrating peptide.

2.2. Peptides and chemotherapeutic agents

The sequence of the North African catfish (C. gariepinus) PACAP

Table 1
Database and web tool information.

Database/web tool Uniform Resource Locator (URL)

PSI-BLAST https://www.ebi.ac.uk/Tools/sss/psiblast
APD3 http://aps.unmc.edu/AP/prediction/prediction_main.php
LAMP http://biotechlab.fudan.edu.cn/database/lamp/tools.php
CAMPr3 http://www.camp.bicnirrh.res.in/seqDb.php
AVPpred http://crdd.osdd.net/servers/avppred/avpblast.php
AntiBP2 http://www.imtech.res.in/raghava/antibp2/
iAMPpred http://cabgrid.res.in:8080/amppred/
CancerPPD and AntiCP http://crdd.osdd.net/raghava/anticp/
ExPASy http://web.expasy.org/compute_pi/
I-TASSER https://zhanglab.ccmb.med.umich.edu/I-TASSER/
WHEEL http://rzlab.ucr.edu/scripts/wheel/wheel.cgi
CellPPD http://crdd.osdd.net/raghava/cellppd/index.html
CCPpred http://bioware.ucd.ie/∼testing/biowareweb/Server_page/cpppred.php
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used in this study was HSDGIFTDSYSRYRKQMAVKKYLAAVLGRRYR-
QRFRNK-NH2, an amidated form of the peptide with 38 amino acids
[52]. Catfish PACAP38 was purchased from Cuseko International CO.,
LTD (Seongnam, South Korea). In brief, PACAP was synthesized on a
solid phase support and purified by reverse phase high performance
liquid chromatography (RP-HPLC) to> 75% purity and confirmed by
ion-spray mass spectrometry. The peptide was re-purified by RP-HPLC
with a purity ≥90%, complying with the batch release criteria ap-
proved for this peptide by the Quality Control Department of the Center
for Genetic Engineering and Biotechnology (CIGB), Havana, Cuba. In
short, analytical separation was achieved in a RP C18 column (Vydac,
4.6× 150mm2, 5 μm). A linear gradient from 5 to 60% of solvent B for
35min at 0.8ml/min flow rate, with UV detection at 226 nm, was used.
Solvent A was 0.1% (v/v) TFA in water. Solvent B was 0.05% (v/v) TFA
in acetonitrile. The software UNICORN 4.11 (GE Healthcare, USA) was
used for processing the data from RP-HPLC chromatograms. Ad-
ditionally, an in vivo growth experiment assay using fish larvae was also
conducted successfully, as one of the standard biological release criteria
approved for this substance (as described in Ref. [52]).

CIGB-552, an anticancer peptide in phase I clinical trials by the
CIGB and Heber Biotec (Havana, Cuba), with sequence
Ac-HARIKPTFRRLKWKYKGKFW (where proline and leucine are D-
amino acids, and the N-terminal was blocked by acetylation) was syn-
thesized at CIGB (Havana, Cuba) at analytical scale. The peptide
synthesis was carried out using manual parallel Fmoc/tBu solid phase
chemistry, with the peptide then purified by RP-HPLC to>95% purity
using an acetonitrile/H2O-trifluoroacetic acid gradient and confirmed
by ion-spray mass spectrometry [53].

The clinical grade chemotherapeutic drugs cisplatin and paclitaxel
were kindly provided by the Oncology Service of the National Institute
of Oncology and Radiology, Havana, Cuba.

2.3. Antimicrobial assays

2.3.1. Maintenance of microorganisms
All microorganisms used in this study were prepared and grown

following supplier instructions for biological risk 1 (non-pathogenic)
and 2 (pathogenic) groups.

2.3.1.1. Human host bacteria and fungi. All human host bacteria and
fungi were provided by the Central Collection of Microorganisms, CIGB,
Cuba. Bacillus subtilis (ATCC 6333), Staphylococcus aureus (ATCC 6538),
Pseudomonas aeruginosa (ATCC 9027), Escherichia coli (ATCC 8739) and
Salmonella sp. strains were maintained on Müller-Hinton agar plates
(BioCen, Cuba). Candida albicans (ATCC 10231) was maintained on
Sabouraud dextrose agar plates (Oxoid, UK). For liquid culture, the
bacteria were grown in Tryptic Soy broth and C. albicans was grown in
Sabouraud dextrose broth.

2.3.1.2. Fish host bacteria. All fish host bacteria were provided by the
Central Veterinary Laboratory, Algete, Madrid, Spain. Yersinia ruckeri
(4319/03), Aeromonas hydrophila (4387/12), Aeromonas sobria (02/12),
Aeromonas salmonicida (4387/12) strains were maintained on Luria-
Bertani (LB) agar plates (Sigma-Aldrich, Germany). For liquid culture,
the bacteria were grown in LB broth.

2.3.2. Broth microdilution method
The minimal inhibitory concentration (MIC) of PACAP was mea-

sured for each strain of microorganism listed above by a broth micro-
dilution method [54]. The MIC is defined as the lowest concentration of
an antimicrobial agent at which bacterial growth is not detected.
Briefly, logarithmic phase microorganism cultures were diluted in the
broth according to the microorganism to an optical density at 600 nm
(OD600) of 0.001, which is approximately equivalent to 105 cfuml−1.
Diluted microorganisms (90 μl) were mixed with 10 μl of water (nega-
tive control), antibiotic (positive control) or PACAP in wells of

polypropylene microtiter plates (Greiner Bio-One, Germany). PACAP
was two-fold serially diluted. The growth was monitored, after an
overnight incubation at 37 °C or 28 °C according to the microorganism,
by measuring the change in the absorbance of the culture at 600 nm
using a microplate reader. Visual verification of microbial sedimenta-
tion as well as absorbance readings (600 nm) confirmed the MICs. In
addition, we determined the half maximal inhibitory concentration
(IC50). IC50 is a measure of the effectiveness of a compound in inhibiting
biological or biochemical function. This quantitative measure indicates
how much of a particular drug or other substance (inhibitor) is needed
to inhibit a given biological process by half. The MIC and IC50 were
expressed as the absolute value of the mean of at least two determi-
nations in triplicate.

2.4. In vitro cell cytotoxicity assay

2.4.1. Fish and human peripheral blood extraction
Juveniles of Nile tilapia (O. niloticus) were provided by the

Mamposton Aquaculture Research Station, Havana, Cuba, and were
kept alive in aerated freshwater, between 28 °C and 30 °C, under natural
photoperiod. Animals were anesthetized with methanosulfonate salt of
3-aminobenzoic ethyl ester (Sigma, USA) dissolved in water, and blood
was collected from the caudal vessels using a syringe. Blood was also
collected from anonymous human donors. Venipuncture and blood
collection were performed by a trained phlebotomist in order to mini-
mize the risk to the donors. All procedures were previously approved by
the Ethics Committee of the CIGB, Havana, Cuba.

2.4.2. Hemolytic assay
The ability of PACAP to lyse erythrocytes was determined using

human and fish red blood cells as follows. Freshly packed human or fish
erythrocytes (5ml) were washed with phosphate-buffered saline (pH
7.4) until the supernatant was colorless and re-suspended in phosphate-
buffered saline (50ml) supplemented with glucose (0.2%, w/v). PACAP
(serially diluted in phosphate buffered saline) were added to 90 μl of a
1% erythrocyte suspension (1:10 dilution of washed erythrocytes) in
microcentrifuge tubes. The samples were incubated for 30min at 37 °C
with gentle shaking and centrifuged for 10min at 3500 rpm at room
temperature. The supernatants (70 μl) were transferred to a microtiter
plate, and the OD was determined at 405 nm. We used samples with
erythrocytes without peptide treatment (control of basal hemolysis) and
samples with erythrocytes incubated with 0.1% of sodium dodecyl
sulfate (SDS) (control of 100% hemolysis). Two individual experiments
using triplicate samples were conducted. We calculated the percentage
of hemolysis using the formula: % hemolysis = (absorbance units of the
erythrocytes exposed to peptide×100)/absorbance units of the ery-
throcytes exposed to SDS.

2.5. In vitro cell proliferation assay

2.5.1. Cell culture and peptide/drug treatment
The non-small cell lung cancer cell line H460 (ATCC, HTB-117) was

maintained at 37 °C and 5% CO2 in RPMI 1640 supplemented with 10%
fetal bovine serum (HyClone, USA) plus 30 μgml−1 of gentamycin
(Gibco, USA). H460 cells were seeded at 4×104 cells per well on 24-
well culture plates (Corning Costar) and incubated for 24 h. On the next
day, peptide concentrations ranging from 150 to 9.37 μMwere added to
the plates and incubated for 48 h at 37 °C in 5% CO2. Cisplatin and
paclitaxel chemotherapeutic drugs were used as cell proliferation con-
trols. The effect of each peptide on cell proliferation was monitored by
Crystal Violet Assay.

2.5.2. Crystal violet assay
Crystal violet is a triarylmethane dye that can bind to ribose type

molecules such as DNA in nuclei. Normally, dead adherent cells will
detach from cell culture plates and will be removed from the viable cell
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population during washing steps. Crystal violet staining can be used to
quantify the total DNA of the remaining population and thus determine
cell viability. In brief, a crystal violet staining solution was added to
each well and cells were stained for 20min at room temperature. After
washing, the plates were dried for at least 2 h at room temperature.
Subsequently, 500 μl of methanol were added to each well, and in-
cubated for 20min at room temperature on a bench rocker with a fre-
quency of 20 oscillations per minute. Finally, the OD of each well was
measured at 570 nm (OD570) with a plate reader. Background corre-
sponding to the absorbance of wells without cells was subtracted. Each
sample point was done in duplicate, and experiments were carried out
twice. The percentage of cytotoxicity (cell growth inhibition) was cal-
culated using the formula below: % Cytotoxicity= [OD570 (negative
control) - OD570 (sample)]× 100%/OD (negative control). Where:
OD570 (negative control) is the OD at 570 nm of the negative control
after background correction and OD570 (sample) is the OD at 570 nm
of the tested agents after background correction.

2.6. Data analysis

All data analysis and chart creation was performed using either
GraphPad Prism Statistical Software version 4.00 (GraphPad Software
Inc., San Diego CA, USA), or CalcuSyn software (Biosoft, Cambridge,
UK). The Mann Whitney U test was used to evaluate differences be-
tween PACAP and negative control (untreated microorganism). A
Kruskal-Wallis analysis followed by a Dunn's test was used to evaluate
differences among PACAP, CIGB-552 and negative control (untreated
H460 cells). Differences were considered to be significantly different if
p < 0.05.

3. Results

3.1. In silico approaches to predict antimicrobial, anticancer and cell-
penetrating features of the C. gariepinus PACAP molecule

3.1.1. Searching for PACAP sequence similarity against different
antimicrobial and anticancer databases

PSI-BLAST sequence similarity searches for African catfish (C. gar-
iepinus) PACAP, against UniProt, revealed 43 proteins with scores better
than threshold (E-value lower than 1.0e-03), coverage of the query
sequence> 60% and sequence identity> 20%, after five iterations
(Fig. 1A). Computational results confirm that C. gariepinus PACAP ex-
hibits a high sequence identity with other members of the secretin/
glucagon superfamily. Catfish PACAP shows a high sequence identity
with VIP (more than 50% identity), thus identifying PACAP as a
member of the same family of regulatory peptides (Fig. 1A). As is
known, the sequence of this bioactive peptide has been remarkably
conserved during evolution. In past studies, we disclosed that the amino
acid sequence of the C. gariepinus PACAP is highly homologous (more
than 80% identity) to sequences previously identified from tunicates to
mammals [52]. The positively charged C-terminal extension, PACAP
(28–38), is the more variable. However, the strong preservation of the
N-terminal primary sequence (residues 1–27) of PACAP throughout
evolution clearly suggests an important role of this region for its bio-
logical activity. In accord with this observation, we identified that
PACAP-38 residues Val19, Leu23, Val26 and Leu27 are positioned in a
highly conserved region on the same hydrophobic surface of an α-helix,
according to the antimicrobial database, APD3, predictions. A second
conserved region coincides with the N-terminal (residues His1, Gly4,
Phe6, Asp8) of PACAP-38 (Figs. 1 and 2A). We also identified similar
sequences in antibacterial, antiviral, antifungal, and anticancer peptide
databases (i.e., APD3, LAMP, CAMPr3, AVPpred, and CancerPPD).
Multiple sequence alignment of the similar peptides is shown in Fig. 1B.
PACAP from C. gariepinus aligned well (67.9% identity) to human VIP
(ID: AP01477, L02A001477 and CAMPSQ3268 from antimicrobial da-
tabases APD3, LAMP and CAMPr3, respectively) (Fig. 1B). PACAP also

aligned (14.3% identity) to human cathelicidin LL-37 (ID: AVP_0305
from anti-viral database AVPpred) (Fig. 1B). As well, a 36.8% identity
was observed with respect to the Tat-a5 anticancer peptide (ID: Tat-a5
from anticancer peptide database CancerPPD) (Fig. 1B). Thus, different
web tools suggested that PACAP-38 possesses antimicrobial (CAMPr3
score: 0.67; AntiBP2 score: 1.08; iAMPpred score: 0.79) and anticancer
(AntiCP score: 0.73) activities (score> 0.5 means peptide sequence
predicted in positive class and otherwise in the negative class). In ad-
dition, the ‘Design-Peptide’ module of AntiCP suggests single mutations
in the amino terminal of PACAP-38 that could increase the anticancer
activity of this peptide (residues in bold in Fig. 1C). The AntiCP SVM-
score of 0.75 is the highest score among all possible single mutations
generated by the ‘Design-Peptide’ module. Indeed, the AntiCP SVM-
score for the wild-type sequence of PACAP-38 is 0.73.

3.1.2. Structural and physicochemical analysis
Analysis of C. gariepinus PACAP-38 primary structure reveals the

high cationic nature of the peptide, which displays a net charge of
+9 at physiological pH. The theoretical molecular mass of the peptide
was 4667.38 Da and theoretical pI was 11.03, reinforcing the ob-
servation that it is a strongly basic peptide. Surface electrostatic po-
tential representation of catfish PACAP-38 is shown in Fig. 2C. The
three-dimensional (3D) structure of catfish PACAP-38 was predicted by
the I-TASSER method (Fig. 2A). Eight of the top ten alternative align-
ments used by I-TASSER corresponded to the NMR structure of human
PACAP-38 (PDB ID: 2d2p; UniProt ID: PACA_HUMAN), which shares
89% sequence identity in the modeled region. The estimated RMSD
value for the 3D model was 1.8 ± 1.5Å. Catfish PACAP was predicted
to adopt an α-helical conformation (Fig. 2A and C). In addition, Shiffer-
Edmundson helical wheel modeling was used to predict hydrophobic
and hydrophilic regions in the secondary structure of catfish PACAP-38.
This mature peptide showed hydrophobic and hydrophilic residues on
opposite sides of the α-helix (Fig. 2C).

3.1.3. Prediction of the catfish PACAP regions with cell-penetrating
properties

Prediction of the catfish PACAP-38 regions with similarity to CPP,
using the CellPPD method, disclosed four putative regions (Fig. 2A).
The predicted regions were also submitted to an independent neural-
network method, CPPpred. The CPPpred scores for the predicted
CellPPD PACAP-38 regions are shown in parenthesis: LPAVL (0.515),
RRYRQRFRNK (0.849), GRRYRQRFRN (0.773), and LGRRYRQRFR
(0.818). A CPPpred score near to 1 means peptide sequence very likely
to be cell penetrating, while 0 means very unlikely to be cell pene-
trating. Overall CPP prediction results, together to the high polycationic
nature of PACAP, as well as its tendency to adopt an α-helical con-
formation, constitute key CPP elements supporting the notion that
PACAP-38 has cell-penetrating properties.

3.2. Antimicrobial activity of C. gariepinus PACAP

The antimicrobial activity of C. gariepinus PACAP against each strain
of microorganism listed in Table 2 was determined. PACAP was tested
against Gram-negative and Gram-positive bacteria for bactericidal ac-
tivity. Bacteria were chosen to represent both fish and human patho-
gens. PACAP was also tested against an opportunistic pathogenic yeast
C. albicans. Results show that this peptide is active against both Gram-
negative and Gram-positive bacteria and fungi (Table 2). PACAP over a
range of concentrations up to 300 μM displayed variable degrees of
antimicrobial activity against all the microorganisms tested, with the
exception of S. aureus (Table 2). Most notably, we observed that fish
pathogenic bacteria Y. ruckeri, A. salmonicida and A. sobria, non-pa-
thogenic bacterium B. subtilis and human opportunistic yeast C. albicans
were the most sensitive to PACAP, while fish pathogenic bacterium A.
hydrophila and human pathogens S. aureus, E. coli, P. aeruginosa and
Salmonella sp were the most resistant (Table 2). In summary, C.
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gariepinus PACAP was more active against fish Gram-negative patho-
genic bacteria (Fig. 3) than it was for human pathogenic microorgan-
isms, with the exception of C. albicans.

3.3. Hemolytic activity of C. gariepinus PACAP against fish and human red
blood cells

To estimate the potential cytotoxic effect of C. gariepinus PACAP
against fish and mammalian red blood cells, a hemolytic assay was
performed, at the same concentrations tested in the antimicrobial as-
says. Interestingly, catfish PACAP was less cytotoxic for human cells
than for fish cells. In any case, the hemolytic activity reached 50%
hemolysis (Fig. 4A and B). PACAP was not hemolytic for fish red blood

cells at concentrations below 18.75 μM (0% hemolysis). At concentra-
tion between 18.75 μM and 150 μM, the hemolytic activity was less
than 20%. PACAP reached a top value of 39% hemolysis at the highest
concentration analyzed (300 μM) (Fig. 4A). On the other hand, PACAP
was not hemolytic for human erythrocytes at concentrations below
75 μM (0% hemolysis). At concentration between 75 μM and 150 μM
the hemolytic activity was less than 3%. PACAP reached a top value of
6% hemolysis at the highest concentration analyzed (300 μM) (Fig. 4B).

3.4. Effect of C. gariepinus PACAP on cell proliferation in human lung
cancer cells H460

To investigate the putative selectivity of neuropeptide PACAP for

Fig. 1. Multiple sequence alignment of C. gariepinus PACAP-38 and similar sequences annotated in databases. PACAP-38: C. gariepinus PACAP having 38 amino acids.
PACA: PACAP. SECR: secretin. SLIB: Somatoliberin or Growth hormone-releasing hormone. EXE: exendin or VIP-like peptide. Numbers in the SEQUENCES column
indicate the start and end positions of the peptides. Highlighted amino acids in C. gariepinus PACAP-38 (Val19, Leu23, Val26, Leu27) correspond to residues on the same
hydrophobic surface of the α-helix. The bold and lower-case letters ‘ir’ in AVP_0305 indicates an insertion of 9 residues (iGKEFKRIVQr) in the peptide sequence. ID:
peptide identifier. ACC: accession number in UniProt. SEQUENCES: amino acid sequence of the peptide. IDENTITY: percent of sequence identity. Mutant (1–13):
single-mutations in the amino terminal of PACAP-38 that could increase the anticancer activity of this peptide. The mutant amino acids are representing in bold. POS:
position of the mutation in the amino acid sequence of PACAP-38. Score: AntiCP SVM-score.

Fig. 2. Structural and physicochemical analyses of C. gariepinus PACAP-38. (A) Ribbon representation of the three-dimensional structural (3D) model and structure-
based sequence alignment by the I-TASSER method. (Inset in A) Amino acids in red and underlined (Val19, Leu23, Val26, Leu27) correspond to residues on the same
hydrophobic surface of the α-helix. Amino acids in black and underlined (His1, Gly4, Phe6, Asp8) correspond to another conserved region with putative AMP
significance at the N-terminal of PACAP-38. Amino acids in blue correspond to catfish PACAP-38 region with similarity to cell-penetrating peptides, predicted by
using the CellPPD method. The Motif Scanning option (CellPPDm) and Protein Scanning option (CellPPDp) scores are shown. (B) Surface electrostatic potential
representation of catfish PACAP-38. The surface is colored according to the electrostatic potential: negative regions (in red), positive regions (in blue) and neutral
regions (in gray). The orientation of the surface electrostatic potentials is the same as that in the ribbon representation. We also provide a color intensity scale to
better represent the electrostatic potential. These figures were prepared with the PyMOL Molecular Graphics System, Schrödinger, LLC. (C) A Schiffer-Edmundson
helical wheel diagram for catfish PACAP-38. Residues are numbered consecutively from the N-terminus to the C-terminus. Circles: hydrophilic residues. Diamonds:
hydrophobic residues. Triangles: potentially negatively charged residues. Pentagons: potentially positively charged residues. Hydrophobicity is color coded as well:
the most hydrophobic residue is green, with zero hydrophobicity coded as yellow. Hydrophilic residues are coded red. The potentially charged residues are light blue.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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tumor cells, we evaluated the effect of C. gariepinus PACAP on the
growth of human lung cancer cell line H460 and compared it with the
action of the anticancer peptide CIGB-552 and two different che-
motherapeutic drugs used in the treatment of lung cancer (cisplatin and
paclitaxel). Our results indicated that PACAP not only exhibits in-
hibitory effects on pathogen growth, but also affects the proliferation of
human lung cancer cell line H460 (Fig. 5 and Table 3). As shown in
Fig. 5A, the fraction of tumor cells affected by PACAP (Fa) increased in
a dose-dependent manner. The fitting of the dose-response anti-
proliferative curve to the median-effect equation, using the CalcuSyn
software, allowed us to estimate the IC50, also referred to as drug po-
tency, and the steepness (m) of the curve (PACAP IC50= 13.17 μM and
m: 0.70). Thus, whereas CIGB-552 showed more than 50% of inhibition
of cell growth at ≥ 37.5 μM (66.8% inhibition) (p < 0.05), PACAP

exhibited an even greater effect on cell growth at≥ 18.75 μM (72.9%
inhibition) (p < 0.05) (Fig. 5B). Both peptides showed an equivalent
activity at 75 μM (79.5% and 79.9% cell growth inhibition by PACAP
and CIGB-552, respectively). Conventional drugs, cisplatin and pacli-
taxel inhibited cell proliferation at ≥ 20 μM (81.6% and 87.2%, re-
spectively) (data not shown). The IC50 value was also calculated from
dose-response antiproliferative curves generated by fitting the data
derived from the crystal violet assay (growth inhibition % versus con-
centration data) using GraphPad Prism software. As expected, due to
the diverse nature of the tested compounds, the results showed that
these drugs differ in their potency against human lung cancer H460 cell
growth (Table 3). Interestingly, catfish PACAP showed comparable
potency as CIGB-552 anticancer peptide (Table 3). We obtained similar
IC50 estimated values for PACAP when using either CalcuSyn or

Table 2
Antimicrobial spectrum of the African catfish (Clarias gariepinus) PACAP against Gram-negative and Gram-positive bacteria and fungi from both fish and humans. The
half maximal inhibitory concentration (IC50) was calculated from each cell survival curve using GraphPad Prism software version 4.00, (GraphPad Software Inc., San
Diego CA, USA). Data represents the absolute value of the mean of at least two independent experiments in triplicate.

Organism hosts Microorganisms Most common diseases PACAP as antimicrobial agent (μM)

MICa IC50

Fish Yersinia ruckeri (Gram −) Enteric red mouth disease 50 0.023
Aeromonas hydrophila (Gram −) Hemorrhagic septicemia 300 7.2
Aeromonas sobria (Gram −) Septicemia 100 28.6
Aeromonas salmonicida (Gram −) Furunculosis 50 <3.125

Human Bacillus subtilis (Gram +) Is not a disease causing agent 5 0.76
Staphylococcus aureus (Gram +) Pneumonia, meningitis, osteomyelitis, endocarditis, bacteremia, sepsis > 300 NEb

Pseudomonas aeruginosa (Gram −) Airway, urinary tract, burns, wounds and blood infections 300 54.4
Escherichia coli (Gram −) Gastroenteritis, urinary tract infections, neonatal meningitis > 300 46.6
Salmonella sp. (Gram −) Gastrointestinal disease 300 116.8
Candida albicans Candidiasis, nosocomial infections 75 36.9

a The minimal inhibitory concentration.
b Not effect in bacteria growth was observed.

Fig. 3. PACAP dose-response curve
against fish pathogenic bacteria. (A) Y.
ruckeri, (B) A. hydrophila, (C) A. sobria
and (D) A. salmonicida. Percentage of
cell survival was plotted versus the
logarithm of treatment concentrations.
Data were evaluated using a Mann
Whitney U test. * Statistically sig-
nificant differences between PACAP-
treated bacteria and untreated bacteria
(p < 0.05). Data points represent the
mean ± SD of at least two determi-
nations in triplicate.
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GraphPad Prism software (IC50= 13.17 μM and IC50= 14.97 μM, re-
spectively). The quality of the fitting was assessed by the R2 coefficient,
where an R2 > 0.9 was obtained for all curves (Table 3).

4. Discussion

Microbial resistance to conventional antibiotics and the unique
mode of action of host defense peptides have brought the latter into the
forefront of research, where they are promising candidates for the de-
velopment of a new class of antibiotics [1]. In the past decade, some
neuropeptides have been associated with this group of molecules.
Prospective roles for neuropeptides in the local tissue microenviron-
ment, in addition to their traditional modulation roles in central and
peripheral neural systems, include those generally associated with
conventional host defense peptides, such as direct antimicrobial action
against microorganisms or immunomodulatory effects on host cells
[15].

Our research group recently reported, for the first time, the ex-
istence of diverse mechanisms of modulation of the immune functions
in fish mediated by the VIP/PACAP system [33–35,37,40]. These
findings, in connection with the preceding scientific information in
mammals (reviewed in Ref. [32]), suggested a potential involvement of
the neuropeptide PACAP in host defense through its immunoregulatory
properties. In the current work, we demonstrated a direct involvement

of PACAP in antimicrobial immunity, providing evidence of anti-
bacterial/antifungal activity for PACAP from the North African catfish
(C. gariepinus) against a broad spectrum of pathogenic microorganisms
of interest for human medicine and aquaculture. Accordingly, our in
silico studies searching for PACAP sequence similarity with entries in
various antimicrobial databases strengthened the idea that PACAP may
have therapeutic activity. We observed that PACAP from C. gariepinus
shares some structural and physicochemical characteristics with AMPs,
such as: rich in basic amino acids (lysine and arginine), a net positive
charge, small size and the ability to adopt α-helical and amphipathic
structures containing clusters of hydrophobic and cationic residues. It is
known, that a net positive charge enables AMPs electrostatic attraction
to the negatively charged microbial membranes. Hydrophobicity is
another important characteristic of AMPs, which enables them to in-
duce membrane lysis [55]. Furthermore, an increase in the hydro-
phobicity of AMPs correlates with their low selectivity and toxicity
toward mammalian cells (reviewed in Ref. [12]). Our results demon-
strated that even at high micromolar concentration, PACAP showed
limited cytotoxicity against both human and fish red blood cells, sup-
porting a potential physiological role for this peptide in selective killing
of microbes.

Fig. 4. Hemolytic activity of C. gariepinus PACAP against fish (A) and human
(B) red blood cells. Two individual experiments using triplicate samples were
conducted. The percentage of hemolysis was defined relative to the hemolysis
obtained with the erythrocyte suspension treated with 0.1% SDS (100% he-
molysis).

Fig. 5. Antiproliferative dose-response curves for C. gariepinus PACAP, CIGB-
552 anticancer peptide and conventional chemotherapeutic drugs assessed as
single agents in the human non-small cell lung cancer cell line H460. Catfish
PACAP at concentrations ranging from 150 to 9.37 μM was incubated for 48 h,
and its effect in tumor cells evaluated by the crystal violet-based assay. (A)
Dose-response curve estimated for PACAP using the fraction of cells affected
(Fa) versus concentration data. The curve was generated by fitting the data
derived from the crystal violet assays to the median-effect equation using the
CalcuSyn software (Biosoft, Cambridge, UK). (B) Dose-response curves esti-
mated for PACAP and also for CIGB-552, as a positive control of peptide with
demonstrated anticancer activity. The curves were generated by fitting the data
derived from the crystal violet assay (% growth inhibition versus concentration
data) using GraphPad Prism software version 4.00, (GraphPad Software Inc.,
San Diego CA). Data were evaluated using a Kruskal-Wallis analysis followed by
a Dunn's test. * Statistically significant differences between PACAP/CIGB552-
treated H460 cells and untreated cells (p < 0.05). Data points represent the
mean ± SD of two determinations in duplicate.
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During recent years, the role of PACAP in immunoregulation has
been partially elucidated in mammals (reviewed in Refs. [31,32]). Their
involvement in viral infections has been demonstrated [56–59]. For
example, it is known that PACAP has potent regulatory activity for
herpes simplex virus activation [56]. In addition, increased plasma
PACAP-38 levels were observed in patients with chronic hepatitis B
following lamivudine-induced elimination of viremia [58]. Treating
macrophages infected with the human immunodeficiency virus (HIV-1)
with VIP and PACAP diminished viral production. The underlying
mechanisms seem to be related to the regulation of the chemokine axis
but also implicates the induction of interleukin-10 (IL-10) secretion by
macrophages [59]. In vitro and in vivo studies conducted by us in fish,
provided evidence of the involvement of PACAP in the antiviral re-
sponse in salmonids. We have demonstrated a differential regulation of
PACAP transcriptional variants together with their receptors in spleen
and head kidney leukocytes of the rainbow trout (O. mykiss) and in the
monocyte/macrophage cell line RTS11, at different time points after
infection with important pathogens for salmonid aquaculture, such as
viral hemorrhagic septicemia virus (VHSV) and infectious pancreatic
necrosis virus (IPNV) [60,61]. In this connection, we also established
that PACAP induces transcriptional activation of cytokines involved in
antiviral host defense in peripheral blood leukocytes of naïve rainbow
trout [60,61]. More recently, we also demonstrated a specific tran-
scription modulation of genes encoding PACAP, as well as VIP/PACAP
receptors, after septicemic infection with VHSV or the Gram-negative
bacterium Y. ruckeri, in another fish species the brown trout (S. trutta).
Kidney and spleen, the main lymphopoietic organs, were screened for
PACAP-system gene expression over the course of viral (VHSV-Ia) and
bacterial (Y. ruckeri, serotype O1 biotype 2) septicemic infections.
PACAP splicing variants were strongly induced during the pathogenesis
of both diseases. Our results confirmed an involvement of the PACAP
system during active immune responses elicited by both viral and
bacterial etiological agents [37]. In this work, although a direct anti-
viral action of PACAP was not addressed, our computational studies
searching for PACAP sequence similarity against entries in antiviral
peptide databases showed that PACAP has a 14.3% identity to human
cathelicidin (LL-37), from antiviral database AVPpred. Cathelicidin (LL-
37) is a 37-residue human cationic peptide that has been shown to have
antiviral activity against herpes simplex virus (HSV), vaccinia virus and
adenovirus Ad19. It has been reported to play a major role in protecting
humans against naturally occurring respiratory diseases [62,63]. In this
direction, further research is needed to fully characterize PACAP
function in antiviral immunity.

Disease issues are of great concern in the aquaculture industry, since
the appearance of pathogenic bacteria having multi-drug resistance to
conventional treatments severely affects this sector [8]. Y. ruckeri, the
etiological agent of Enteric Red Mouth disease, still causes significant
economic losses to salmonid aquaculture [64]. The disease is still
widespread in many countries as a consequence of the recent

emergence of new bacterial strains [65]. Aeromonas species are in-
creasingly being reported as important pathogens for lower vertebrates
and for humans [66]. In this study, we demonstrated that fish patho-
genic bacteria Y. ruckeri, A. salmonicida and A. sobria are very suscep-
tible to catfish PACAP. In contrast, we observed that fish pathogenic
bacterium A. hydrophila was more resistant, leading to a growth in-
hibition action at low concentration of PACAP more than a bactericidal
effect. Consistently, PACAP did not affect A. hydrophila-stimulated cy-
tokine gene expression in vivo in grass carp head kidney [38]. Tran-
scriptional regulation studies of PACAP and its receptors after bacterial
infection in teleost fish has been sparsely reported and no previous
studies existed that demonstrated a direct antimicrobial effectiveness of
PACAP or PACAP-family members against fish pathogenic micro-
organisms. From our published studies [37,40,60], only one report
describes a transcriptional regulation of the PACAP precursors in Ja-
panese flounder Paralichthys olivaceus challenged with a pathogen Ed-
wardsiella tarda [39].

The role of PACAP in acute inflammation induced by LPS, a major
component of the outer membrane of Gram-negative bacteria, has been
investigated in mammals [67]. Both in vivo and in vitro studies de-
monstrated that PACAP inhibits LPS-stimulated production of pro-in-
flammatory cytokines interleukin-1β (IL-1β) and tumor necrosis factor
α (TNF-α), while it further enhances LPS-stimulated production of anti-
inflammatory cytokine IL-10 in murine macrophages [31,67]. In
agreement with this, grass carp PACAP attenuated LPS-stimulated head
kidney leukocytes. This finding suggested that PACAP, in fish as in
mammals, can work as an anti-LPS factor and protect against over-re-
sponse to LPS [38]. All together, the literature reports suggest that the
pro- and anti-inflammatory activities described for PACAP might be the
result of an immune balance between a systemic anti-inflammatory
effect induced by PACAP to protect the organism from the detrimental
consequences of pro-inflammatory cytokines, and a local neuropeptide-
associated pro-inflammatory effect necessary for controlling the infec-
tions [24–32]. Consistently with the results obtained here, we have also
previously demonstrated an up-regulation of the pro-inflammatory cy-
tokines IL-1β and TNF-α transcription by PACAP, in peripheral blood
leukocytes of healthy/unexposed rainbow trout [60]. Similar results
were obtained by Wang et al. in head kidney leukocytes and head
kidney in grass carp [38]. This class of cytokines induces a number of
different responses including a decreasing of bacterial load [68,69]. Our
studies identify PACAP as a prominent target molecule with the po-
tential to stimulate fish antimicrobial immunity.

In contrast, catfish PACAP did not kill S. aureus at any concentra-
tion. Also, it was observed that human pathogens E. coli, P. aeruginosa
and Salmonella sp were most resistant to PACAP. It is known, that S.
aureus and P. aeruginosa belong to the so-called ESKAPE pathogens,
which show a high propensity to develop treatment resistance, even
resistance to some cationic host defense peptides [6]. El Karim et al., in
2008 obtained results similar to our own when they tested different

Table 3
Antitumor activity of African catfish (Clarias gariepinus) neuropeptide PACAP on non-small cell lung cancer cell line H460. Drug potency (IC50) and the quality of the
fitting data (R2 coefficient) were calculated from each dose-response curve using GraphPad Prism software version 4.00, (GraphPad Software Inc., San Diego CA,
USA). Data represents the mean ± SD of two determinations in duplicate.

Tested compound Classification Compound range in μM (serial two-fold dilution) Lung cancer cell line H460

IC50 (μM)c R2d

PACAP Multifunctional neuropeptide, neurotransmitter, immunomodulator From 150 to 9.37 14.97 ± 1.16 0.9957 ± 0.0008
CIGB 552a NFkB inhibitor peptide, cell-penetrating capacity From 150 to 9.37 19.45 ± 1.09 0.9995 ± 0.0003
Cisplatinb Alkylating From 100 to 3.125 8.57 ± 0.59 0.9731 ± 0.0161
Paclitaxelb Antimitotic From 20 to 0.625 6.15 ± 1.06 0.9749 ± 0.0102

a CIGB 552: an anticancer peptide in phase I clinical trials by CIGB and Heber Biotec, Cuba.
b Cisplatin and paclitaxel: conventional chemotherapy drugs.
c IC50: concentration of the tested compound that was required for 50% inhibition of the cell growth during 48 h.
d R2: coefficient of determination.
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neuropeptides against a range of microorganisms from the skin and the
oral, respiratory and gastrointestinal tract. They observed a resistance
of the S. aureus strain to all neuropeptides tested [18]. Likewise, Ohta
et al., in 2011 obtained similar data when they examined the bacter-
icidal effects of orexin B and VIP alone or combined with cationic
AMPs, such as LL-37, on E. coli, P. aeruginosa, Streptococcus mutans and
S. aureus. VIP had bactericidal activity against E. coli, P. aeruginosa and
S. mutans in a dose-dependent manner. However, S. aureus showed re-
sistance to VIP [20]. In contrast, non-pathogenic Gram-positive bac-
terium B. subtilis and human opportunistic yeast C. albicans were very
sensitive to catfish PACAP. To date, to the best of our knowledge, the
direct antimicrobial effect of PACAP against B. subtilis and C. albicans
has never been examined. From a therapeutic point of view, the killing
effect against Gram-positive bacteria is especially relevant because
these bacteria have a thick cell wall and develop sophisticated re-
sistance mechanisms [55,70]. In this sense, the observed bactericidal
effect of C. gariepinus PACAP against B. subtilis could be due to the high
cationic nature of the peptide and hydrophobicity, since both char-
acteristics seem to be critical in the susceptibility of some Gram-positive
bacteria to many antimicrobial peptides [55,70]. Certainly, the me-
chanisms involved in this effect of PACAP are still unknown.

In addition, our AMP prediction results showed that C. gariepinus
PACAP exhibits a high sequence identity with human VIP (67.9%
identity), a member of the same family of regulatory peptides that has
recently been identified as a potential AMP [17–20]. In agreement with
our results, it was demonstrated that VIP51, a metabolically stable
analogue of VIP generated by substitutions/additions of critical re-
sidues, and an N-terminal truncated derivative of VIP51, named as
VIP51(6–30), were more potent than native VIP as antimicrobial pep-
tides against various non-pathogenic and pathogenic Gram-positive and
Gram-negative bacteria, including E. coli and P. aeruginosa. Interest-
ingly, the VIP derivatives, but not VIP, were able to efficiently kill
Gram-positive bacteria. Moreover, both VIP derivatives, but not native
VIP, were able to kill tropical protozoal parasites from the genus
Leishmania [19]. Besides the increase in their stability, the chemical
changes made in VIP51 and VIP51(6–30) improved their function as
antimicrobial peptides [19]. In this direction, additional studies are
needed to investigate a probable enhanced antimicrobial activity and
stability of PACAP derivatives molecules.

In recent studies, it was also demonstrated that VIP almost com-
pletely loses its antibacterial effect against E. coli and P. aeruginosa in a
physiological saline environment [20]. In addition, it was demonstrated
that the antimicrobial activities of VIP and its derivatives in Gram-ne-
gative but not in Gram-positive bacteria depend on the pH of the
medium. Interestingly, the three peptides gained and lost effectiveness
in killing E. coli at basic and acidic pH conditions, respectively [19].
Taken together, these results indicated that the bactericidal activities of
the AMP are strongly influenced by the ionic strength and pH of the
medium. The effects of such specific factors on antibacterial activity of
catfish PACAP deserve a new line of investigation. In this sense, the
different levels of antimicrobial PACAP effectiveness observed in this
study between fish and human host bacteria could be explained as due
to the different growth conditions of microorganisms such as optimal
growth temperature and the composition, ionic strength and pH of the
culture medium affecting PACAP antimicrobial activity, or by the fact
that the bacterial killing mechanism developed by PACAP depends on
species.

As mentioned above, the fact that evolutionary pressure has acted to
strongly preserve the primary sequence of the N-terminal domain (re-
sidues 1–27) of PACAP supports an important role of this region for its
biological activity [23]. Accordingly, we documented here two con-
served regions at the N-terminal of PACAP-38 sequences (His1, Gly4,
Phe6, Asp8) and (Val19, Leu23, Val26, Leu27) with predictive anti-
microbial significance. The positively charged C-terminal extension,
PACAP (28–38), most likely has evolved and developed PACAP-species
specific functions. In agreement with this proposition, we demonstrated

a putative involvement of the C-terminal region of catfish PACAP-38 in
the cell-penetrating feature of this neuropeptide. This finding could be
relevant for explaining the observed attenuation in the killing activity
of catfish PACAP against human host microbes. In line with our finding,
in recent studies, it was demonstrated for the first time that both PACAP
isoforms (PACAP-27 and PACAP-38) are able to cross the cellular
membrane by a complementary receptor-independent mechanism in
order to activate its cytosolic and nuclear binding sites. Noteworthy, the
significant uptake difference observed between PACAP-38 and PACAP-
27 suggested a role of the C-terminal (28–38) segment in the translo-
cation process of PACAP through the plasma membrane [71]. Since the
plasma membrane restricts transport of bioactive substances into cells,
the potential cell-penetrating regions of the catfish PACAP-38 sequence
predicted by us, together with the preceding information, has brought
them into focus for use as transport vectors for drug delivery. This issue
will be an interesting future research direction.

One of the main reasons for the increasing interest in peptides and
peptide receptors in cancer is the possibility of receptor targeting, be-
cause the peptide receptors are expressed in many primary human
cancers [72]. In addition, because of the increased level of phosphati-
dylserine (negatively charged) on the surface of cancer cells, as com-
pared to normal cells, cationic amphipathic peptides could be an ef-
fective source of anticancer agents that are both selective and refractory
to current resistance mechanisms [73]. PACAP receptors have been
identified in numerous human tumors of the brain, breast, prostate,
lung, colon, urinary bladder, cardiac muscle, and large intestine as well
as in cancer cell lines and in chemically induced tumors in rodents,
suggesting that PACAP may play important roles in the modulation of
growth of many human tumors (reviewed in Ref. [74]). In the current
study, the amino acid sequence of catfish PACAP-38 was submitted to
different anticancer databases for an in silico characterization. The re-
sults reinforced PACAP's putative anticancer activity. As well, we found
that the peptide strongly reduced survival of human lung cancer cell
line H460 in a dose-dependent manner (> 70% of cell growth inhibi-
tion at micromolar concentrations). Surprisingly, PACAP reduced
H460 cells viability with a similar potency as a known anticancer
peptide, CIGB-552 [53,75–78]. By contrast, Zia et al., in 1995 reported
that PACAP significantly stimulates growth of non-small cell lung
cancer line NCI-H838 [79]. In addition, it was demonstrated that
PACAP-38 stimulated the proliferation of C6 glioma cells after 24 and
72 h of treatment [80]. Contrary to this investigation, both PACAP and
VIP were also shown to markedly reduce proliferation of the T98G
human glioma cell line [81]. More recently, it was also demonstrated
that serum starvation triggers the antiproliferative effects of both
PACAP and VIP in glioma cells, suggesting that calorie restriction can
be effective to improve peptide-based glioma cancer therapy [82]. In
line with our results, Wojcieszak and Zawilska in 2014 found that both
PACAP-38 and PACAP(6–38), a selective PAC1 receptor antagonist, did
not affect human retinoblastoma Y79 cell viability at nanomolar con-
centration, but when used at high micromolar concentrations reduced
cell survival in a dose-dependent manner [83]. It has also previously
been reported that PACAP suppresses the proliferation of human κ and
λ light chain-secreting multiple myeloma-derived cells, suggesting that
PACAP could be used as a cytoprotective agent in the treatment of renal
tubule injury in multiple myeloma [84]. Also, it was observed that 60%
of the PACAP-deficient KO mice developed experimental colorectal
tumors with an aggressive-appearing pathology. Consistent with these
data, dextran sulfate sodium (DSS)-treated WT mice did not develop
such tumors [85]. Likewise, deletion of a single copy of PACAP in-
creased medulloblastoma incidence approximately 2.5-fold, to 66%,
thereby demonstrating that PACAP exerts a powerful inhibitory action
on the induction, growth and survival of these tumors [86]. In sum-
mary, studies of the effects of PACAP and VIP on the proliferation ac-
tivity of neoplastic cells have shown that they exert different influences
in cell growth, depending on the type of cancer cell line and also the
species from which those cell lines were derived, on the culture medium
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composition, time of incubation, and peptide concentration used
[82,83]. The question why these peptides exert pro- or antimitogenic
effects presently remains unanswered [82]. Definitely, additional stu-
dies are needed in order to define the molecular and cellular mechan-
isms of catfish PACAP-38-induced cytotoxicity in human non-small cell
lung cancer cell line H460, and to elucidate whether our result, in the
same or different conditions, are reproducible in other tumor cell lines.
The potential therapeutic benefit of combining PACAP with different
cytotoxic compounds, with are firmly established in clinical oncology
could also be an interesting line of investigation.

5. Conclusions

Collectively, the findings described here demonstrate a dual anti-
microbial and anticancer activity of PACAP from North African catfish
(C. gariepinus). It is noteworthy not only from a therapeutic point of
view but also from an evolutionary perspective. It appears that the
ancient role of this neuropeptide was closely related to the innate im-
mune system as a host defense peptide, which coevolved with the pa-
thogens and acquired additional functions during its evolution. In
summary, the new functions given in this study to catfish PACAP as a
molecule of the innate host defences and as an anticancer/cell-pene-
trating peptide, in combination with its already demonstrated im-
munomodulatory effects, could be extremely useful in disorders in
which inflammation and infection coexist. Thus, our results contribute
to a better understanding of PACAP effects on the immune system in
vertebrates and opens up new avenues for future application in the
treatment of microbial and cancer diseases. Certainly, despite the pro-
mising results found here, further biological research is needed, in-
cluding in vivo investigations, looking toward a medicinal use of this
bioactive peptide.
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