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In recent years, peptides have received increased interest in pharmaceutical, food, cosmetics and
various other fields. The high potency, specificity and good safety profile are the main strengths of
bioactive peptides as new and promising therapies that may fill the gap between small molecules and
protein drugs. Peptides possess favorable tissue penetration and the capability to engage into specific
and high-affinity interactions with endogenous receptors. These positive attributes of peptides have
driven research in evaluating peptides as versatile tools for drug discovery and delivery. In addition,
among bioactive peptides, those released from food protein sources have acquired importance as active
components in functional foods and nutraceuticals because they are known to possess regulatory
functions that can lead to health benefits.

This Special Issue of International Journal of Molecular Sciences represents the second in a series
dedicated to peptides. This issue includes thirty-six outstanding papers describing examples of the
most recent advances in peptide research and its applicability.

The Special Issue begins with a group of papers exploring aspects of synthetic peptides that are
of significance to develop novel drugs for controlling and/or managing chronic diseases. It begins
with a study of Gaglione et al. [1] on the identification of three cryptides in human apolipoprotein
B and evaluation of their antimicrobial and anti-biofilm properties individually or in combination
with ciprofloxacin towards Pseudomonas and Burkholderia strains clinically isolated from cystic fibrosis
patients. These findings will open interesting perspectives to apoB cryptides applicability in the
treatment of chronic lung infections associated with cystic fibrosis disease. The issue follows with
research by Tarallo et al. [2] on a new tetrameric tripeptide inhibitor of vascular endothelial growth
factor receptor 1 that exerts anti-angiogenic activity at ocular level by oral delivery in a preclinical
model of age-related macular degeneration. Asai et al. [3] demonstrate that Pro-Hyp and Hyp-Gly
play crucial roles in proliferation of fibroblasts attached on collagen gel. Russjan and Kaczynska [4]
investigate the beneficial effects of neurotensin in murine model of hapten-induced asthma. In another
paper, Russjan et al. [5] investigate the anti-inflammatory potency of hybrid peptide-PK20, composed of
neurotensin and endomorphin-2 pharmacophores in a mouse model of non-allergic asthma. Improved
anti-inflammatory potency of the hybrid over the mixture of its moieties shows potential as a promising
tool in modulating airway inflammation in asthma. Pershina et al. [6] study the gender specific
effects of a pegylated glucagon-like peptide 1 (GLP-1), used in the treatment regime for metabolic
disorder and chronic obstructive pulmonary disease. Oludiran et al. [7] demonstrate that potency
of antimicrobial piscidin peptides depends on environmental oxygen, therefore, the development of
pharmaceuticals from host-defense peptides such as piscidin will necessitate consideration of oxygen
levels in the targeted tissue. The chemokine-like activity of the synthetic dipeptide pidotimod is
studied by Caccuri et al. [8]. The study also defines the mechanism of action for chemokine-like activity
of pidotimod and points on the possible role that this synthetic dipeptide may play in leukocyte
trafficking and function. The potency, toxicity and mechanisms of action of Ps-K18 is examined
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by Jang et al. [9] aiming to develop antibiotics derived from bioactive peptides for the treatment
of Gram-negative sepsis. Golda et al. [10] screen a library of synthetic peptides to identify those
with antibacterial potential against multidrug-resistant Staphylococcus aureus. The bactericidal and
keratinocytes cytoprotective mechanisms against invading bacteria are also elucidated. Staphylococcus
aureus and Pseudomonas aeruginosa, individually or in co-occurrence, are the two main pathogens
implied in multiple bacterial infections. Since their discovery, the antimicrobial peptides (AMPs) of
innate defense have been considered as a potential alternative to conventional antibiotics. However,
no commercial AMPs are still available. The review of Rončević et al. [11] is aimed at describing
these peptides, their mechanisms of action, their biological and biophysical properties as well as
the developed models to design and produce new molecules with high antimicrobial potency and
low toxicity. Intragenic antimicrobial peptide Hs02 is demonstrated by Bessa et al. [12] to exert
antimicrobial properties against Pseudomonas aeruginosa and Staphylococcus aureus, also hampering
the proliferation of their single and dual-species biofilms. The study of Prasad et al. [13] reviews
the role of host defense peptides in different inflammatory conditions and diseases, associating this
role with the physicochemical properties of peptides and their interaction with various receptors
that define their immunomodulatory effects. In another paper, Nácher-Juan et al. [14] investigate the
role of peptide osteostatin derived from parathyroid hormone-related protein against rheumatoid
arthritis. This peptide, administered to collagen-induced arthritic mice, decreases the severity of
the disease through modulation of immune and inflammatory biomarkers. Palus et al. [15] report
the neurothropic and/or neuroprotective properties of galanin, alone or in combination with other
neuroactive substances such as vasoactive intestinal peptide, neuronal nitric oxide synthase and
cocaine- and amphetamine-regulated transcript peptide in the recovery processes in the stomach
enteric nervous system neurons following acrylamide intoxication. The extra domain B of fibronectin
(EDB-FN) localized in the extracellular matrix can differentiate aggressive prostate cancer from benign
prostatic hyperplasia. Park et al. [16] synthesize two cyclic peptides, CTVRTSADC and KTVRTSADE
with ability to target EDB-FN, and develop different conjugates with anticancer drugs docetaxel and
doxorubicin. The conjugates show selective cytotoxic effects against prostate cancer cells without
affecting normal prostate cells.

Following, there is a short series of articles dealing with the elucidation of modes of action of
known food-derived bioactive peptides. Fernández-Tomé et al. [17] provide new evidence on the
chemopreventive activity of peptide lunasin, a bioactive peptide from soybean and other vegetal
sources, on colorectal cancer by modulating both the parental and the tumorsphere-derived subsets
of HCT-116 cells. The underlying molecular mechanisms behind the inhibitory effects of lunasin on
cell cycle progress of colon cancer cells and cytotoxicity were also discussed. Martínez-Sánchez et
al. [18] describe the beneficial effects of dry-cured ham peptides previously identified to prevent from
endothelial dysfunction and inflammation. In silico dockings show the predicted modes of binding
of four bioactive peptides with the regulatory subunit NEMO of the NF-κB transcription factor and
angiotensin I converting-enzyme.

Another group of papers explores the potential of new proteins as sources of bioactive peptides.
Cai et al. [19] explore the cytoprotective mechanism of antioxidant pentapeptides from a protein
hydrolysate of miiuy croaker (Miichthys miiuy) swim bladder against oxidative damage to human
umbilical vein endothelial cells. Gomez et al. [20] report on the potential bioactivities of Portuguese
oyster (Crassostrea angulata) proteins through in silico analyses and in vitro tests. C. angulata proteins
were proven to be sources of angiotensin I-converting enzyme and dipeptidyl peptidase IV inhibitory
peptides with pharmaceutical and nutraceutical applications. Using different commercial proteases,
Ding et al. [21] produce hydrolysates from velvet antler with antioxidant properties. The protective
effect against oxidative stress of a tetrapeptide produced by Alcalase is investigated in Chang liver cells
and a zebrafish model. León-Lopez et al. [22] describe the biochemical, structure and physico-chemical
features as well as the antioxidant activity of collagen hydrolysates from sheepskins. A soybean
product obtained after combined hydrolysis with Prozyme and fermentation with Lactobacillus
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rhamnosus EBD1 by Daliri et al. [23] show antihypertensive properties in both in vitro and in vivo
models, without losing its activity after simulating its digestion by gastrointestinal enzymes. Peptides
PPNNNPASPSFSSSS, GPKALPII and IIRCTGC, in which angiotensin-converting enzyme inhibitory
activity had been previously demonstrated, are included in the soy product. Another review of
Brady et al. [24] summarizes the antibacterial and anti-inflammatory activities of cecropins, a group of
naturally occurring antimicrobial peptides found in insects. The strategies designed to overcome the
existing limitations linked to their costly large-scale production and their use as therapeutic agents are
also described.

The issue includes some studies on bioinformatic and proteomic tools useful for peptide research.
Using molecular docking, Chamata et al. [25] describe the structure-activity relationships of peptide
sequences present in whey/milk protein hydrolysates with high angiotensin converting enzyme
inhibitory activity to a better understanding and prediction of their in vivo antihypertensive activity.
Minkiewicz et al. [26] review the new opportunities offered by the BIOPEP-UWM database of bioactive
peptides that include the possibility of annotating peptides containing D-enantiomers of amino
acids, batch processing option, converting amino acid sequences into SMILES code, new quantitative
parameters characterizing the presence of bioactive fragments in protein sequences and finding
proteinases that release particular peptides. Using yeast proteome microarrays, Shah et al. [27] identify
a total of 140 and 137 intracellular protein targets of antifungal peptides of Lactoferricin B and Histatin-5,
respectively. The usefulness of this proteomic tool to find synergistic actions of bioactive peptides is also
addressed. The in silico analysis carried out by Tejano et al. [28] reveal the role of Chlorella sorokiniana
proteins as source of bioactive peptides. The BIOPEP’s profile shows that these proteins have multiple
dipeptydil peptidase IV inhibitors, glucose uptake stimulants, antioxidant, regulating, anti-amnestic
and anti-thrombotic peptides. Pepsin, bromelain and papain are the main proteases responsible for the
release of bioactive peptides with pharmaceutical and nutraceutical potential. The review of Bozovičar
and Bratkovic [29] focuses on recombinant peptide libraries useful for pharmaceutical industry in
the drug discovery and delivery. These authors discuss different platforms for the display and/or
expression of bioactive peptides as well as various diversification strategies for library design.

Another group of papers explores the effects of endogenous peptides on body functions and
their potential for new drug alternatives. In a glioma mouse model, Kucheryavykh et al. [30] reveal
by ELISA and immunofluorescence images that innate amyloid beta (Aβ) peptide is accumulated in
glioma tumors and nearby blood vessels. Interestingly, the amyloidogenic Aβ peptide is co-localized
with the lipid-free apolipoprotein E (apoE) in amyloid plaques in Alzheimer’s disease, where the
apoE4 isoform plays a crucial role for the late onset disorder. In the study of Tsiolaki et al. [31], apoE
peptide-analogues serve to predict the dynamics of apoE and apoE-Aβ complexes. The homeostasis
of the organism is maintained by coordinated neuroendocrine and immune systems. Vasoactive
intestinal peptide (VIP) is an endogenous neuropeptide produced by both neurons and endocrine
and immune cells. Martínez et al. [32] review the biology of VIP and VIP receptor’s signaling and
their protective immunomodulatory effects. The current evidence on strategies improving the stability,
selectivity and effectiveness of VIP receptors analogs, the advances on new routes of administration
and the potential clinical benefits against inflammatory and autoimmune disorders is described.
Another neuropeptide described in the Special Issue is the prolactin-releasing peptide (PrRP). The
anorexigenic neuroprotective effects of this peptide are reviewed by Pražienková et al. [33]. These
authors also describe its therapeutic potential mediated by its actions on cardiovascular system, pain
and stress. G-protein-coupled-seven-transmembrane receptors (GPCRs) are known by their modulatory
properties of myeloid cell trafficking in microbial infections, inflammation, immune response and
cancer progression. The review of Krepel and Wang [34] shows the existing evidence on one of these
receptors from murine origin, called Fpr2, and its endogenous agonist peptide, cathelicidin-related
antimicrobial peptide. Both are implied in normal mouse colon epithelial growth, repair and protective
actions against inflammation-associated tumorigenesis.
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Finally, a couple of articles describe new developed techniques to investigate the response of
immune system. Thus, Kametani et al. [35] describe humanized mouse systems possessing immune
cells as successful models to in vivo investigate the human immunity and predict the antibody response
and immune adverse effects. Similarly, immune responses can be studied using an in situ mayor
histocompatibility complex tetramer staining. As described by Abdelaal et al. [36], this technique,
combined with immunohistochemistry, is a valuable tool for studying the Ag-specific T cell immune
response in tissues. Combined techniques enable determining the localization, abundance and
phenotype of T cells and characterizing Ag-specific T cells in specific tissues. Current applications in
microbial infections, cancer and autoimmunity are also reviewed.

We wish to thank the invited authors for their interesting and insightful contributions, and look
forward to a new set of advances in the bioactive peptides field to be included in the following Special
Issue “Peptides for Health Benefits 2020” (https://www.mdpi.com/journal/ijms/special_issues/peptides_
2020).

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Chronic respiratory infections are the main cause of morbidity and mortality in cystic fibrosis
(CF) patients, and are characterized by the development of multidrug resistance (MDR) phenotype
and biofilm formation, generally recalcitrant to treatment with conventional antibiotics. Hence, novel
effective strategies are urgently needed. Antimicrobial peptides represent new promising therapeutic
agents. Here, we analyze for the first time the efficacy of three versions of a cryptide identified in
human apolipoprotein B (ApoB, residues 887-922) towards bacterial strains clinically isolated from CF
patients. Antimicrobial and anti-biofilm properties of ApoB-derived cryptides have been analyzed by
broth microdilution assays, crystal violet assays, confocal laser scanning microscopy and scanning
electron microscopy. Cell proliferation assays have been performed to test cryptide effects on human
host cells. ApoB-derived cryptides have been found to be endowed with significant antimicrobial
and anti-biofilm properties towards Pseudomonas and Burkholderia strains clinically isolated from
CF patients. Peptides have been also found to be able to act in combination with the antibiotic
ciprofloxacin, and they are harmless when tested on human bronchial epithelial mesothelial cells.
These findings open interesting perspectives to cryptide applicability in the treatment of chronic lung
infections associated with CF disease.

Keywords: antibiotic resistance; cystic fibrosis; antimicrobial peptides; host defense peptides;
cryptides; anti-biofilm peptides; synergistic effects

1. Introduction

Cystic fibrosis (CF) is a rare autosomal recessive disease affecting 1 in 2500 newborns in Europe [1].
More than 2000 mutations have been identified in the Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) gene and have been associated with the disease. CFTR gene encodes a chloride
ion channel whose malfunctioning causes the production of viscous secretions coating the airway
epithelia [2,3]. This phenomenon is responsible for the accumulation of trapped microbes, including
Pseudomonas aeruginosa, with consequent deterioration of lung tissue and impairment of respiratory
functions [4]. Indeed, chronic respiratory infections and inflammation are the main causes of death
in CF [5]. Despite aggressive antibiotic treatments, Pseudomonas strains often grow in CF lungs and
lead to chronic and recalcitrant infections characterized by a robust host inflammatory response [6,7].
Pulmonary infections due to the Gram-negative P. aeruginosa strain are the main cause of lung decline
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and death in patients suffering from CF [8–10]. P. aeruginosa colonization of host tissues is mediated by
an initial attachment of bacteria to epithelial cells [11,12], followed by internalization into cells [13–16].
This phenomenon protects bacteria from host defense mechanisms and from the killing action of
conventional antibiotics that hardly enter epithelial cells [17]. This is generally responsible for systemic
diffusion of bacteria and for the consequent chronic nature of P. aeruginosa lung infections [18]. Moreover,
chronic inflammation and mucus provide an environment favorable to the development of resistance
phenotype for bacteria in biofilms, thus hampering antibiotic efficacy [19]. Burkholderia species also
cause serious challenges in CF patients, even if infections associated with these strains are relatively
rare [20]. Indeed, a main post-transplant complication is represented by infections caused by multidrug
resistant (MDR) bacteria, with the Burkholderia species recognized as significant contributors to CF
morbidity and mortality associated with increased post-transplant death rate [21,22]. Conventional
antibiotics generally appear ineffective and their prolonged use is responsible for the development
of the MDR phenotype. The concomitant decrease in the pharmaceutical industry research pipeline
for novel antimicrobial agents during the last three decades has, thus, resulted in an urgent need
for the discovery of novel effective antimicrobial strategies [23]. In this scenario, naturally occurring
antimicrobial peptides (AMPs), or their derivatives, represent an appealing source for the generation
of new therapeutic agents able to treat chronic MDR bacterial infections [24,25]. AMPs are produced
by all living organisms as the first line of defense against invading microorganisms, and the majority of
them are characterized by net positive charge at neutral pH and by the tendency to form amphipathic
structures in a hydrophobic environment [26,27]. So far, hundreds of naturally occurring AMPs have
been isolated and characterized as highly efficacious, safe, and tolerable antimicrobials [28,29]. Being
able to selectively interact with bacterial cytoplasmic membranes in a manner not dependent upon
specific receptors, AMPs are generally endowed with broad-spectrum antimicrobial activity [30,31],
and several of them have been reported to combat biofilms because of their potent bactericidal activity
and their ability to first penetrate and then to disorganize biofilm structures [32]. Furthermore, AMPs
frequently synergize with antimicrobial compounds to repress molecular pathways leading to biofilm
development [32]. Here, we analyze for the first time the antimicrobial and anti-biofilm properties of
two recently characterized AMPs [33] towards Pseudomonas and Burkholderia strains clinically isolated
from CF patients. AMPs under test have been identified in human apolipoprotein B (ApoB) by using a
bioinformatic method developed by our research group [33–41]. Indeed, it is increasingly evident that
eukaryotic proteins, with functions not necessarily related to host defense, act as sources of “cryptic”
bioactive peptides released upon proteolytic processing by bacterial and/or host proteases [42–44]. We
previously characterized two variants of the cryptide identified in human ApoB (residues 887–922), i.e.,
peptides ApoB887–923 and ApoB887–911 [33]. These two host defense peptides (HDPs), recombinantly
produced in bacterial cells, have been here named r(P)ApoBL

Pro and r(P)ApoBS
Pro because of the

presence of a Pro residue becoming the N-terminus of the peptides released by the acidic cleavage of an
Asp-Pro bond [33,36]. Here, we also characterized a further peptide, i.e., a version of the longest peptide
characterized by the presence of an Ala residue instead of a Pro residue in position six of peptide
sequence, here named r(P)ApoBL

Ala. Peptides r(P)ApoBL
Pro and r(P)ApoBS

Pro have been previously
found to be endowed with antimicrobial, anti-biofilm, wound healing and immunomodulatory
properties, and are able to synergistically act in combination with either conventional antibiotics or
EDTA [33]. On the other hand, peptides have been found to be neither toxic nor hemolytic towards
mammalian cells [33]. It has been also demonstrated that electrostatic interactions between negatively
charged bacterial membranes and positively charged ApoB-derived AMPs play a key role in mediating
peptide toxicity, although they are strongly influenced by the composition of negatively charged
bacterial surfaces and by defined extracellular microenvironments [35]. Here, we demonstrate that
the three ApoB-derived cryptides exert significant antimicrobial and anti-biofilm effects towards
Pseudomonas and Burkholderia strains clinically isolated from CF patients and that they are able to act
in combination with the ciprofloxacin antibiotic, widely used to treat chronic lung infections in CF
patients [45]. Furthermore, ApoB-derived cryptides have been found to be not toxic when tested on
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human bronchial epithelial mesothelial cells. Altogether, these findings open interesting perspectives
to peptide applicability, suggesting the possibility to develop in the future successful combinatorial
therapeutic approaches, based on the concomitant administration of AMPs and conventional antibiotics,
with a consequently very low potential to induce a resistance phenotype.

2. Results

2.1. Evaluation of ApoB-Derived Peptide Effects on Clinically Isolated Baterial Strains

In order to evaluate the ApoB-derived peptide ability to counteract microbial infections in CF, their
effects were tested on six clinically isolated bacterial strains, i.e., P. aeruginosa RP 73, P. aeruginosa KK 27,
P. aeruginosa 14, P. aeruginosa AA2, Burkholderia multivorans LMG 17582, and Burkholderia cenocepacia
LMG 18863. To this purpose, the susceptibility of planktonic bacteria to ApoB-derived peptides
was examined by using broth microdilution method [33] that allows the measurement of minimum
inhibitory concentration (MIC) values. As reported in Table 1, the three ApoB-derived peptides under
test were found to exert antimicrobial effects on three out of six bacterial strains tested. In particular,
bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27, and B. multivorans LMG 17582 were found to
be susceptible to ApoB-derived peptide antimicrobial activity, with MIC100 values ranging from 5 to 40
μM (Table 1). Peptide r(P)ApoBL

Ala was found to be the most active in directly killing bacterial cells
(Table 1).

Table 1. Minimum inhibitory concentration (MIC) values determined for r(P)ApoBL
Pro, r(P)ApoBL

Ala

and r(P)ApoBS
Pro tested on clinically isolated bacterial strains.

MIC100 (μM)

r(P)ApoBL
Pro r(P)ApoBL

Ala r(P)ApoBS
Pro

P. aeruginosa RP 73 10–20 5–10 20–40

P. aeruginosa 14 >40 >40 >40

P. aeruginosa AA2 >40 >40 >40

P. aeruginosa KK 27 20–40 10–20 20–40

Burkholderia cenocepacia LMG 18863 >40 >40 >40

Burkholderia multivorans LMG 17582 10–20 10–20 20–40

2.2. Evaluation of ApoB-Derived Peptide Anti-biofilm Activity on Clinically Isolated Baterial Strains

2.2.1. Evaluation of ApoB-Derived Peptide Anti-Biofilm Activity by Microtiter Plate Assay

To evaluate whether recombinant ApoB-derived peptides are endowed with anti-biofilm activity,
analyses were performed on clinically isolated bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27,
P. aeruginosa 14, P. aeruginosa AA2, B. multivorans LMG 17582, and B. cenocepacia LMG 18863 in 0.5X
Mueller Hinton Broth (MHB). By following different experimental approaches, peptide effects were
tested on the three main stages of biofilm development, such as attachment, formation and detachment.
To test peptide effects on biofilm attachment, following overnight growth, a bacterial culture was
diluted into MHB medium containing increasing concentrations of the peptide under test (0–40 μM),
and incubated for 4 h at 37 ◦C [33]. When, instead, peptide effects were tested on biofilm formation,
the experimental procedure described above was followed with the only exception that bacterial cells
were incubated with increasing concentrations of peptides for 24 h at 37 ◦C [33]. Finally, the effects of
ApoB-derived peptides were tested on biofilm detachment [33]. In each case, following incubation with
peptides, biofilm was analyzed by staining with crystal violet. As shown in Figure 1, ApoB-derived
peptides have been found to be effective on biofilm attachment, with the greatest effects obtained in
the case of P. aeruginosa KK 27 and P. aeruginosa 14 bacterial strains for all the three peptides under test.
In the case of biofilm formation, the greatest effects were found to be exerted by r(P)ApoBL

Ala and
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r(P)ApoBS
Pro on P. aeruginosa 14 (~50% inhibition) (Figure 1). Even more interestingly, about 30%–40%

biofilm eradication was observed in the case of B. cenocepacia LMG 18863 upon treatment with 2.5 μM
r(P)ApoBL

Ala (Figure 1). A similar effect was obtained upon treatment of P. aeruginosa KK 27 preformed
biofilm with 2.5 μM r(P)ApoBS

Pro (Figure 1). Moreover, about 20% biofilm eradication was observed
upon treatment of P. aeruginosa RP 73 with very low concentrations (1.25 μM) of r(P)ApoBS

Pro.
Altogether, obtained data indicate that peptides exert anti-biofilm effects even on bacterial strains

not sensitive to their direct antimicrobial activity. In most of the cases, significant anti-biofilm effects
were detected at peptide concentrations (1.25–2.5 μM) lower than those required to directly kill
planktonic cells (Table 1 and Figure 1). Data reported in Figure 1 represent the mean ± standard
deviation (SD) of at least three independent experiments.

2.2.2. Evaluation of ApoB-Derived Peptides Anti-Biofilm Activity by Laser Scanning
Confocal Microscopy

In order to further investigate anti-biofilm properties of ApoB-derived peptides, analyses were also
performed by confocal laser scanning microscopy (CLSM). For this approach, we selected two bacterial
strains not responsive to ApoB-derived peptides direct antimicrobial activity, such as B. cenocepacia
LMG 18863 and P. aeruginosa 14. Peptide effects on biofilm attachment, formation and detachment were
evaluated upon sample staining with LIVE/DEAD BacLight bacterial viability kit. Analyses revealed
that all three peptides are able to affect biofilm attachment and formation in the case of B. cenocepacia
LMG 18863 (Figure 2). Even more interestingly, peptides are able to affect pre-formed biofilm with
the strongest effects observed in the presence of r(P)ApoBL

Ala (Figure 2). By staining bacterial biofilm
with SYPRO® ruby dye, which is able to specifically stain biofilm extracellular matrix, the appearance
of highly fluorescent aggregates is clearly evident upon treatment with peptides (Figure 2), thus
indicating that peptides induce strong alterations of biofilm matrix architecture, as previously reported
for different anti-biofilm agents [46]. Similar results were obtained also in the case of P. aeruginosa
14 (Figure 3). These findings are also supported by biofilm biovolume determinations by CLSM
reported in Figure 4, that indicate a strong and significant effect of r(P)ApoBS

Pro peptide on biofilm
eradication in the case of both bacterial strains (Figure 4c,f). Furthermore, peptides have been found
to exert significant effects on biofilm biovolume when attachment is tested (Figure 4a,d), except for
r(P)ApoBL

Ala for which no significant reduction in biovolume is observed, although a disaggregating
effect is clearly evident (Figures 2 and 3). This might be due to the fact that, upon treatment with
r(P)ApoBL

Ala peptide, planktonic cells escape from biofilm by floating, with a consequent significant
contribution to biovolume. Altogether, these findings confirm that peptides are able to exert significant
anti-biofilm effects even on bacterial strains not sensitive to their direct antimicrobial activity.

2.2.3. Evaluation of ApoB-Derived Peptides Anti-Biofilm Activity by Scanning Electron Microscopy

To analyze morphological modifications of bacterial biofilm upon treatment with peptides,
scanning electron microscopy (SEM) analyses were also performed on bacterial strains not responsive to
peptide direct antimicrobial activity, such as B. cenocepacia LMG 18863 and P. aeruginosa 14. In untreated
samples, bacteria present smooth and intact surfaces and appear embedded into the extracellular
biofilm matrix in the case of both bacterial strains (Figure 5). When bacteria are treated with peptides,
instead, a significant decrease or disappearance of biofilm matrix is clearly evident with a concomitant
decrease of cell density.
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Figure 1. Anti-biofilm activity of r(P)ApoBL

Pro, r(P)ApoBL
Ala, and r(P)ApoBS

Pro peptides on
P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa AA2, B. multivorans LMG
17582, and B. cenocepacia LMG 18863 in MHB medium.
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Figure 2. Effects of r(P)ApoBL
Pro, r(P)ApoBL

Ala, and r(P)ApoBS
Pro peptides on B. cenocepacia LMG

18863 biofilm attachment, formation and detachment. Biofilm cells were stained by using LIVE/DEAD
BacLight bacterial viability kit (Molecular Probes, Eugene, OR, USA) containing 1:1 ratio of Syto-9
(green fluorescence, all cells) and propidium iodide (PI, red fluorescence, dead cells) and FilmTracer™
SYPRO® Ruby biofilm matrix staining (Invitrogen™, F10318). Images are 3D projections of biofilm
structure obtained by laser scanning confocal z-stack using Zen Lite 2.3 software. All images were
taken under identical conditions.
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Figure 3. Effects of r(P)ApoBL
Pro, r(P)ApoBL

Ala and r(P)ApoBS
Pro peptides on P. aeruginosa 14 biofilm

attachment, formation and detachment. Biofilm cells were stained by using LIVE/DEAD BacLight
bacterial viability kit (Molecular Probes, Eugene, OR, USA) containing 1:1 ratio of Syto-9 (green
fluorescence, all cells) and propidium iodide (PI, red fluorescence, dead cells) and FilmTracer™
SYPRO® Ruby biofilm matrix staining (Invitrogen™, F10318). Images are 3D projections of biofilm
structure obtained by laser scanning confocal z-stack using Zen Lite 2.3 software. All images were
taken under identical conditions.
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Figure 4. Analysis of the effects of r(P)ApoBL
Pro, r(P)ApoBL

Ala and r(P)ApoBS
Pro peptides on biofilm

attachment (a,d), formation (b,e) and detachment (c,f) in the case of B. cenocepacia LMG 18863 (a–c) and
P. aeruginosa 14 (d– f). Biovolume (μm3/μm2) was measured by using Zen Lite 2.3 software. Significant
differences were indicated as * p < 0.05 or ** p < 0.01 for treated versus control samples.

 

Figure 5. Morphological analyses of B. cenocepacia LMG 18863 (top panel) and P. aeruginosa 14 (lower
panel) preformed biofilms by SEM. Representative images are shown upon treatment of bacterial
biofilm with 5 μM r(P)ApoBL

Pro, r(P)ApoBL
Ala, and r(P)ApoBS

Pro. Bars 5 μm.

2.3. Combinatorial Therapeutic Approach

To verify whether ApoB-derived peptides are able to synergistically act in combination with
conventional antibiotics to counteract bacterial infections associated with biofilm in CF, CLSM
analyses were performed to evaluate the effects of combinations of r(P)ApoBL

Pro or r(P)ApoBL
Ala and

ciprofloxacin on preformed biofilm. Analyses were performed on B. cenocepacia LMG 18863 bacterial
strain, since chronic lung infections associated with this strain strongly contribute to CF morbidity and
mortality and are generally recalcitrant to conventional antibiotics [21,22]. Effects of r(P)ApoBL

Pro or
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r(P)ApoBL
Ala peptide in combination with ciprofloxacin were tested on preformed biofilm, in order to

better simulate clinical conditions.
As shown in Figure 6, by comparing the effects of combinations of r(P)ApoBL

Pro and ciprofloxacin
with the effects of single agents on preformed biofilm, a significantly greater reduction of biofilm
biovolume is observed in the case of the sample treated with the compound mixture together with
a concomitant increase of the number of dead cells embedded into the biofilm matrix (Figure 6).
Similarly, about the effects of combinations of r(P)ApoBL

Ala and ciprofloxacin on preformed biofilm,
a significantly greater reduction of biofilm biovolume is observed in the presence of compounds
combination (Figure 7).

Figure 6. Effects of r(P)ApoBL
Pro, ciprofloxacin and a combination of the two compounds on preformed

biofilm (a). Biofilm cells were stained by using LIVE/DEAD BacLight bacterial viability kit (Molecular
Probes, Eugene, OR) containing 1:1 ratio of Syto-9 (green fluorescence, all cells) and propidium iodide
(PI, red fluorescence, dead cells). Images are 3D projections of biofilm structure obtained by laser
scanning confocal z-stack using Zen Lite 2.3 software. All images were taken under identical conditions.
Biovolume (μm3/μm2) was measured by using Zen Lite 2.3 software. Significant differences were
indicated as * p < 0.05 for treated versus control samples (b). Numbers of live and dead cells were
evaluated by using Zen Lite 2.3 software (c).
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Figure 7. Effects of r(P)ApoBL
Ala, ciprofloxacin and a combination of the two compounds on preformed

biofilm (a). Biofilm cells were stained by using LIVE/DEAD BacLight bacterial viability kit (Molecular
Probes, Eugene, OR) containing 1:1 ratio of Syto-9 (green fluorescence, all cells) and propidium iodide
(PI, red fluorescence, dead cells). Images are 3D projections of biofilm structure obtained by laser
scanning confocal z-stack using Zen Lite 2.3 software. All images were taken under identical conditions.
Biovolume (μm3/μm2) was measured by using Zen Lite 2.3 software. Significant differences were
indicated as * p < 0.05 for treated versus control samples (b). Numbers of live and dead cells were
evaluated by using Zen Lite 2.3 software (c).

2.4. Evaluation of Peptide Biocompatibility

Peptide applicability in therapeutic approaches aimed at counteracting bacterial infections
associated with CF is strongly dependent on the absence of any toxic effect towards host cells. For this
reason, biocompatibility assays were performed to test ApoB-derived peptide effects on immortalized
human bronchial epithelial mesothelial (BEAS) cells. As shown in Figure 8, only slight toxic effects
were detected and the most biocompatible peptide was found to be r(P)ApoBL

Ala. Indeed, in the
presence of this peptide, only slight toxic effects were detected upon 72 h treatment and at the highest
peptide concentrations tested (Figure 8).
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Figure 8. Effects of r(P)ApoBL
Pro, r(P)ApoBL

Ala and r(P)ApoBS
Pro peptides on the viability of BEAS

cells. Cell viability was assessed by MTT assays, and expressed as the percentage of viable cells with
respect to controls (untreated cells). Error bars indicate standard deviations obtained from at least three
independent experiments, each one carried out with triplicate determinations. Significant differences
were indicated as * p < 0.05, ** p < 0.01 or *** p < 0.001 for treated versus control samples.

3. Discussion

AMPs represent novel promising effective alternative agents to counteract chronic bacterial
infections affecting CF patients. Indeed, as these infections are generally recalcitrant to conventional
antibiotics because of the development of the MDR phenotype and of biofilm formation, the
development of novel therapeutic strategies is strongly necessary. To this purpose, three versions of a
cryptide identified in human ApoB [33,35] have been here tested towards six bacterial strains clinically
isolated from CF patients, such as P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa
AA2, B. multivorans LMG 17582, and B. cenocepacia LMG 18863. ApoB-derived cryptides have been
found to exert direct antimicrobial activity towards three out of six bacterial strains tested. Indeed,
ApoB-derived AMPs have been found to be active on P. aeruginosa RP 73, P. aeruginosa KK 27, and B.
multivorans LMG 17582, with MIC100 values ranging from 5 to 40 μM. This is in agreement with recent
findings indicating that ApoB-derived cryptides direct antimicrobial activity, although mediated by
electrostatic interactions between cationic peptides and negatively charged bacterial membranes, is
strongly influenced by chemical composition of LPS molecules exposed on the surface of different strains
of P. aeruginosa [35]. Indeed, although several bacterial resistance components against antimicrobial
peptides have been reported [47], LPS chemical composition has been proposed to play a key role
in the case of ApoB-derived cryptide antimicrobial activity [35]. It has been reported that different
Burkholderia strains present different LPS chemotypes, such as rough, partial rough, or smooth [48].
In particular, in the case of B. cenocepacia LMG 18863, the LPS chemotype has been identified as
smooth [48]. These differences in LPS chemotype might be responsible for the different susceptibility of
Burkholderia strains to ApoB-derived cryptides’ direct antimicrobial activity. It also has to be highlighted
that several B. cenocepacia strains have been reported to be naturally resistant to different classes of
antibiotics and even to several antimicrobial peptides [49]. This is probably due to the ability of B.
cenocepacia strains to acquire a resistance phenotype by modifying the LPS chemical composition
by substituting a phosphate group with a cationic charged residue of 4-amino-4-deoxy-L-arabinose
(L-Ara4N), with a consequent reduction in membrane negative potential, that plays a key role in
the interaction between bacterial membranes and antimicrobial peptides [50,51]. Based on these

17



Int. J. Mol. Sci. 2020, 21, 2049

observations, ApoB-derived cryptides direct antimicrobial activity towards B. multivorans LMG 17582
appears to be really interesting. It also has to be considered that, in the case of chronic infections
affecting CF patients, the mucus phenotype favors bacterial biofilm formation [20]. Bacteria embedded
into biofilm matrix are more resistant to conventional antibiotics for several reasons: i) low antibiotic
diffusion rate inside biofilm matrix; ii) bacteria metabolic changes due to nutrients missing, with a
consequently lower susceptibility to antibiotics; and iii) appearance of persisted cells recalcitrant to
conventional antibiotics and playing a key role in long-term infections [52]. Anti-biofilm cationic
amphipathic peptides represent an alternative promising approach to treat infections associated
with biofilm formation, since peptides act on biofilm specific targets, such as matrix components
and/or highly conserved regulatory mechanisms [53]. Here, we tested the ability of r(P)ApoBL

Pro,
r(P)ApoBL

Ala and r(P)ApoBS
Pro to affect the biofilm of bacterial strains clinically isolated from CF

patients. In particular, we analyzed the ability of ApoB-derived cryptides to interfere with the three
main stages of biofilm development, i.e., attachment, formation and detachment [33]. We found that
all the three ApoB-derived cryptides are able to exert significant effects on biofilm attachment and
formation. Even more interestingly, ApoB-derived cryptides have been found to exert significant
anti-biofilm effects even on bacterial strains not sensitive to their direct antimicrobial activity. In
particular, ApoB-derived AMPs have been found to affect P. aeruginosa 14 biofilm attachment and
formation and B. cenocepacia LMG 18863 preformed biofilm at a very low concentration (2.5 μM).
As reported for different AMPs, obtained data allow us to exclude any correlation between peptide
direct antimicrobial activity and their anti-biofilm properties. Indeed, peptide IDR-1018 has been
reported to be endowed with strong anti-biofilm activity towards a pool of P. aeruginosa and Burkholderia
strains in the absence of any direct antimicrobial effect [54]. To deeply characterize ApoB-derived
cryptides anti-biofilm activity, we also performed analyses by confocal laser scanning microscopy
(CLSM) and scanning electron microscopy (SEM) on P. aeruginosa 14 and B. cenocepacia LMG 18863, two
strains not sensitive to ApoB-derived AMP’s direct antimicrobial activity. CLSM analyses revealed
the ability of ApoB-derived cryptides to alter biofilm architecture, as indicated by the appearance
of highly fluorescent aggregates only in treated samples upon staining with SYPRO® Ruby, a dye
able to specifically label biofilm extracellular matrix. Accordingly, a significant reduction in biofilm
biovolume has been evaluated in the case of samples treated with ApoB-derived cryptides. Furthermore,
scanning electron microscopy analyses clearly indicate the ability of ApoB-derived cryptides to disrupt
the biofilm matrix of bacterial strains not responsive to the peptides’ direct antimicrobial activity.
These observations are in perfect agreement with data reported for peptide 6K-F17, which is able
to strongly affect P. aeruginosa biofilm by disrupting the extracellular matrix, thus determining a
significant decrease of biofilm biovolume [55]. However, CLSM and SEM analyses indicate only a
slight increase of bacterial cells death upon treatment with 6K-F17 [55]. Based on obtained results, we
also evaluated the possibility to set up effective combinatorial therapeutic approaches by concomitantly
administrating ApoB-derived cryptides and conventional antibiotics to bacterial cells. To this purpose,
we analyzed the anti-biofilm properties of combinations of r(P)ApoBL

Pro or r(P)ApoBL
Ala and the

antibiotic ciprofloxacin, which is widely used to treat bacterial infections in CF patients [45]. The effects
of compound mixtures have been tested on P. aeruginosa 14 or B. cenocepacia LMG 18863 preformed
biofilm. Effects of combinations of r(P)ApoBL

Pro or r(P)ApoBL
Ala and ciprofloxacin on preformed

biofilm have been found to be stronger than those of single agents, with more severe effects on
biofilm biovolume. It has been previously reported that, upon biofilm treatment with the ciprofloxacin
antibiotic, a deep alteration of the matrix structure and a strong decrease of biofilm biovolume are
immediately observed, probably associated with a high killing rate of bacterial cells embedded into
the biofilm matrix [56]. However, upon a prolonged exposure to ciprofloxacin, the activation of
specific mechanisms leading to a variation of biofilm phenotype makes the antibiotic ineffective [56].
This phenomenon might be overcome by the development of successful combinatorial therapeutic
approaches, which present several advantages over conventional therapeutic treatments based on the
administration of single agents. Indeed, several anti-biofilm peptides have been reported to be able to
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act in synergism with a broad range of conventional antibiotics [57]. This allows us to significantly
reduce the effective dose of antibiotics up to 64-fold, with a consequent lower possibility to induce
MDR phenotype and to simultaneously reduce effective peptide concentrations [57]. In the case of
CAMA peptides, synergism with the conventional antibiotics tobramycin, ciprofloxacin and colistin
has been demonstrated in the treatment of P. aeruginosa biofilm, with the consequent possibility of
reducing antibiotics doses up to 8-fold and peptide concentrations up to 10-fold [58]. Since one of the
bottlenecks for the development of successful peptide-based therapies is peptide cytotoxicity, we also
tested ApoB-derived cryptides effects on immortalized human bronchial epithelial mesothelial (BEAS)
cells, and found that peptides are biocompatible, since slight toxic effects are detected only upon 72 h
cell treatment and at the highest peptide concentrations tested. Altogether, obtained findings open
interesting perspectives to the applicability of ApoB-derived cryptides in the treatment of bacterial
chronic infections associated with biofilm formation and characterized by MDR phenotype, such as
those affecting CF patients, and to the development in the future of successful combinatorial therapeutic
approaches based on the concomitant administration of peptides and conventional antibiotics.

4. Materials and Methods

4.1. Materials

All the reagents were purchase from Sigma-Aldrich (Milan, Italy), unless differently specified.

4.2. Recombinant Production of ApoB-Derived Peptides

Expression and isolation of recombinant ApoB-derived peptides was carried out as
previously described [33,35]. Pro → Ala substitution in position six of the longest peptide
was obtained by QuikChange II site-directed mutagenesis performed by using the following
primers: primer forward 5’-CATTTTACCCGCTTTCAGCGCAACATGCGGGTG-3’ and primer reverse
5’-GATCCGCATGTTGCGCTGAAAGCGGGTAAACTG-3’.

4.3. Bacterial Strains and Growth Conditions

Bacterial strains P. aeruginosa RP 73, P. aeruginosa KK 27, P. aeruginosa 14, P. aeruginosa AA2, B.
multivorans LMG 17582, and B. cenocepacia LMG 18863 were kindly provided by Dr. Alessandra
Bragonzi (Infection and CF Unit, San Raffaele Scientific Institute, Milan, Italy). Bacterial strains were
grown in MHB (Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on Tryptic Soy Agar (TSA;
Oxoid Ltd., Hampshire, UK). In all the experiments, bacteria were inoculated and grown overnight in
MHB at 37 ◦C.

4.4. Eukaryotic Cells and Growth Conditions

Immortalized human bronchial epithelial mesothelial cells (BEAS) were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37 ◦C in the presence of 5% carbon dioxide (CO2).

4.5. Cell Viability Assays

Peptide effects on eukaryotic cell viability was evaluated by seeding cells in 96-well plates (100
μL/well) at a density of 3×103 cells/well. Upon 24 h, cells were incubated with increasing peptide
concentrations (0–40 μM), for 24, 48 and 72 h. At the end of the treatment, cell viability was assessed by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT reagent, dissolved
in DMEM without phenol red, was added to the cells (100 μL/well) at a final concentration of 0.5
mg/mL. After 4 h at 37 ◦C, the culture medium was removed and the resulting formazan salts were
dissolved by the addition of isopropanol containing 0.1 N HCl (100 μL/well) [41]. Absorbance values of
blue formazan were determined at 570 nm by using an automatic plate reader (Synergy™ H4 Hybrid
Microplate Reader, BioTek Instruments, Inc., Winooski, VT, USA). Cell survival was expressed as the
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percentage of viable cells in the presence of the peptide under test, with respect to control cells grown
in the absence of the peptide.

4.6. Antimicrobial Activity Assays

To test the antimicrobial activity of ApoB-derived peptides, a previously described experimental
procedure was used [33]. MIC100 values correspond to the lowest concentration of peptide associated
with no detectable bacterial growth.

4.7. Anti-Biofilm Activity by Crystal Violet Assay

ApoB-derived peptides effects on biofilm attachment, formation and detachment were evaluated
as previously described [33]. Optical densities at 595 nm of biofilm stained biomasses were measured
by using a microtiter plate reader (Synergy™ H4 Hybrid Microplate Reader, BioTek Instruments, Inc.,
Winooski, VT, USA).

4.8. Anti-Biofilm Activity by CLSM Analyses

Bacterial biofilm was grown on glass cover slips in 24-well plates in 0.5X MHB in static conditions.
In particular, bacterial cells from an overnight culture were diluted to about 1 × 108 CFU/mL and then
seeded into wells for 4 or 24 h at 37 ◦C in the presence of the peptide under test, in order to evaluate
biofilm attachment and formation, respectively. When effects on preformed biofilm were evaluated,
bacterial biofilms were formed for 24 h at 37 ◦C, and then treated with peptides under test for further
24 h to evaluate their ability to eradicate preformed biofilm. Afterwards, non-adherent bacteria were
removed by gently washing samples with sterile phosphate buffer and viability of cells embedded
into biofilm structure was determined by sample staining with LIVE/DEAD® BacLight™ Bacterial
Viability kit (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA), while FilmTracer™
SYPRO® Ruby biofilm matrix dye has been used to stain matrices of biofilms (Invitrogen, Carlsbad,
CA, USA). Staining was performed accordingly to manufacturer instructions. Biofilm images were
captured by using a confocal laser scanning microscopy (Zeiss LSM 710, Zeiss, Germany) and a 63X
objective oil immersion system. Biofilm architecture was analyzed by using the Zen Lite 2.3 software
package (Zeiss, Germany). Each experiment was performed in triplicate. All images were taken under
identical conditions.

4.9. Anti-Biofilm Activity by Scanning Electron Microscopy

To perform scanning electron microscopy (SEM) analyses, B. cenocepacia LMG 18863 and P.
aeruginosa 14 cells were incubated with 5 μM r(P)ApoBL

Pro, r(P)ApoBL
Ala or r(P)ApoBS

Pro peptides for
24 h at 37 ◦C. Following incubation, bacterial biofilms were fixed in 2.5% glutaraldehyde. Following
overnight incubation, bacterial biofilms were washed three times in distilled water and then dehydrated
with a graded ethanol series: 25% ethanol (1 × 10 min); 50% ethanol (1 × 10 min); 75% ethanol (1 × 10
min); 95% ethanol (1 × 10 min); 100% anhydrous ethanol (3 × 30 min). Bacterial biofilms deposited
onto glass substrate were sputter coated with a thin layer of Au-Pd (Sputter Coater Denton Vacuum
DeskV) to allow subsequent morphological characterization using a FEI Nova NanoSEM 450 at an
accelerating voltage of 5 kV with Everhart Thornley Detector (ETD) and Through Lens Detector (TLD)
at high magnification.

4.10. Statistical Analysis

Statistical analysis was performed using a Student’s t-test. Significant differences were indicated
as * p < 0.05, ** p < 0.01 or *** p < 0.001.
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Abbreviations

CF Cystic Fibrosis
MDR Multidrug Resistance
ApoB Apolipoprotein B
HDPs Host Defense Peptides
CFTR Cystic fibrosis transmembrane conductance regulator
AMPs Antimicrobial peptides
MIC Minimum inhibitory concentration
MHB Mueller Hinton Broth
CLSM Confocal laser scanning microscopy
SEM Scanning electron microscopy
PI Propidium iodide
LPS Lipopolysaccharide
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Abstract: Age-related macular degeneration (AMD) is the primary cause of blindness in advanced
countries. Repeated intravitreal delivery of anti-vascular endothelial growth factor (VEGF) agents
has represented an important advancement for the therapy of wet AMD with significative results
in terms of blindness prevention and partial vision restore. Nonetheless, some patients are not
responsive or do not attain significant visual improvement, intravitreal injection may cause serious
complications and important side effects have been reported for the prolonged block of VEGF-A.
In order to evaluate new anti-angiogenic strategies, we focused our attention on VEGF receptor 1
(VEGFR1) developing a specific VEGFR-1 antagonist, a tetrameric tripeptide named inhibitor of
VEGFR 1 (iVR1). We have evaluated its anti-angiogenic activity in the preclinical model of AMD,
the laser-induced choroid neovascularization (CNV). iVR1 is able to potently inhibit CNV when
delivered by intravitreal injection. Surprisingly, it is able to significantly reduce CNV also when
delivered by gavage. Our data show that the specific block of VEGFR1 in vivo represents a valid
alternative to the block of VEGF-A and that the inhibition of the pathological neovascularization at
ocular level is also possible by systemic delivery of compounds not targeting VEGF-A.

Keywords: AMD; CNV; VEGFR1; multimeric peptides; oral delivery

1. Introduction

Aberrant ocular neovascularization is involved in many vision-threatening diseases including
age-related macular degeneration (AMD), diabetic retinopathy (DR), central retinal vein occlusion
(CRVO), retinopathy of prematurity (ROP) and corneal neovascularization. Among them, wet AMD
accounts for about eight percent of all blindness worldwide and is the primary cause of blindness
among the elderly in industrialized nations [1,2].

In the last years, anti-angiogenesis agents have revolutionized the treatment of ocular neovascular
diseases [3,4]. Three anti-VEGF agents are currently available for therapy: ranibizumab and
bevacizumab that specifically neutralize VEGF-A [5], and aflibercept, able to block VEGF-A, VEGF-B
and placental growth factor (PlGF) [6]. Their delivery by repeated intravitreal injections blocks the
growth of pathological vessels preventing blindness and, in many cases, restores vision.

Despite this significant clinical success, many patients do not attain significant visual
improvement [7,8]. It has been shown that expression of VEGF in eyes is regulated by advanced glycation
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end products generated by protracted diabetes symptoms and that this can be causally associated
with diabetic retinopathy, characterized by an increased retinal neovascularization due to the action of
VEGF [9]. Adverse effects of VEGFA neutralization on multiple retinal cell types, widely reported in
animal models [10,11], are observed in patients who have been treated with anti-VEGF drugs for several
years [5,12,13]. Moreover, drug delivery by repeated intravitreal injections may generate devastating
ocular complications. The most frequent are infectious endophthalmitis and intraocular inflammation.
Ocular hemorrhage, intraocular pressure elevation and rhegmatogenous retinal detachment have also
been observed [14], therefore, alternative or additional therapeutic anti-angiogenic strategies possibly
coupled to different routes of administration are continuously sought.

VEGFR1 is the common receptor of the pro-angiogenic members of the VEGF family: VEGF-A,
VEGF-B and PlGF [15]. It is also known as the high affinity receptor for VEGF-A since VEGF-A also
recognizes VEGFR2, but with a KD increased by one order of magnitude [16]. The VEGF-A/VEGFR2
axis activates the main signaling pathway for the formation of new blood vessels from the pre-existing
ones both in physiological and pathological conditions [17]. In parallel, several reports have highlighted
the crucial function of VEGFR1 activation, mainly in pathological angiogenesis. Genetic ablation of
VEGFR1 TK domain [18] or of VEGFR1 specific ligands, PlGF [19,20] and VEGF-B [21], gives rise to
normal mice that show an inhibited pathological angiogenesis. Mirroring these studies, biochemical
inhibition of VEGFR1 or PlGF, by the use of neutralizing monoclonal antibodies [22,23] or by small
peptides [24,25] is effective in inhibiting the angiogenesis associated to several disease states, such as
cancer, ocular neovascular diseases, inflammatory diseases, atherosclerosis and obesity [26].

To match the need of new therapeutic anti-angiogenic strategies, we developed a tetrameric
tripeptide inhibitor of VEGF receptor 1 (VEGFR1), named iVR1 [27].

iVR1 binds to VEGFR-1, inhibiting the interaction with all three natural ligands with a half
maximal inhibitory concentration (IC50) close to 8–10 μM. It is composed by unnatural amino acids
that, together with the multimeric structure, confer high resistance to the degradation in biological
fluids. iVR1 activity has been already fully characterized in vitro and in vivo. It specifically binds
VEGFR1 and does not interfere with VEGFR2 activity, is able to prevent VEGFR1 phosphorylation and
capillary-like tube formation of human primary endothelial cells, and also blocks neovascularization of
chicken embryo chorioallantoic membrane induced by PlGF or VEGF-A [27]. In vivo, iVR1 suppresses
tumor growth and neoangiogenesis in xenograft models of colorectal cancer to an extent similar to that
exhibited by bevacizumab. It is able to synergize with the chemotherapeutic agent irinotecan, inducing
a significant prolongation of survival similar to that observed with the combination of bevacizumab
and irinotecan. Moreover, iVR1 delivered by intravitreal injection is also able to inhibit pathological
angiogenesis in the preclinical model of wet AMD, the laser-induced choroid neovascularization
(CNV) [28].

We have here evaluated the favorable option of administering iVR1 by a less traumatic route of
administration for the therapeutic treatment of wet AMD. In the perspective of a systemic delivery
of iVR1, we first performed a counter-ion exchange from trifluoroacetate (TFA), deriving from the
chemical synthesis of the peptide (named here iVR1-TFA), to acetate, obtaining a new compound
named iVR1-Ac. Replacement of TFA with acetic acid has also entailed a potency gain evaluated as
a reduction of the IC50 of the inhibition of VEGF-A/VEGFR1 interaction in vitro of about five times.
We have confirmed the inhibitory activity of iVR1-Ac in the preclinical model of wet AMD after
intravitreal delivery and we have investigated whether the oral delivery by gavage could provide
effective inhibition of laser-induced CNV.

2. Results

2.1. Synthesis of iVR1

iVR1 is a tetrameric tripeptide composed by unnatural amino acids having the following sequence
and structure: [D-Glu-L-Cys(Bzl)-L-Cha]4-Lys2-Lys-Gly, whereby Cys(Bzl) indicates S-benzylated
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L-cysteine and Cha indicates cyclohexylalanine (Figure 1A,B). The peptide has been assembled by solid
phase synthesis and removed from the resin using a mixture of TFA containing suitable scavengers, as
previously reported [29]. The peptide has been obtained in a good yield (about 60% after purification)
and in high purity (>95% as determined by HPLC analysis at 214 nm). Peptide identity has been
assessed by LC–MS using an electrospray ionization time-of-flight (ESI-TOF) mass spectrometer
coupled to HPLC. By virtue of the final TFA treatment and reverse phase purification the peptide is
obtained as trifluoroacetate salt [29]. Since we have observed several times in previous studies [27,28]
that TFA-peptide compounds are partially irritating the skin of the animal on the site of injection and
given the known much higher toxicity of TFA salts compared to acetic acid, we have thus evaluated
the option of using the peptide bearing the acetate as counter-ion instead of TFA, also considering that
acetate is largely used in the formulation of therapeutic peptides.

Figure 1. iVR1-Ac shows an increased inhibitory activity compared to iVR1-TFA. (A) Chemical structure
of iVR1 tetrameric tripeptide that has a calculated molecular weight of 2362.02 g/mol. (B) Schematic
representation of the iVR1. L-Cys(Bzl), L-cysteine(S-benzyl); L-Cha, L-cyclohexylalanine. (C) Overlay
of FT-IR spectra in the spectral range between 1000 and 2000 cm−1 of the peptide before (red line)
and after treatment with acetic acid (blue line). The spectrum collected on the acetic acid treated
peptide shows that the bands characteristic of TFA at about 1145 and 1200 cm−1 are drastically reduced
following repeated lyophilization in 0.1 M acetic acid. Some bands at around 1666 cm−1 were also
strongly suppressed as consequence of the TFA removal. (D) Competitive ELISA for the binding of
VEGF-A to immobilized VEGFR1. iVR1-Ac showed a decreased IC50 as compared to iVR1-TFA (1.94
and 9.35 μM, respectively) estimated as the concentration at 50% inhibition. Control peptide (CP) was
inactive in the concentration range tested (up to 100 μM). Data are presented as the mean ± SEM of two
independent experiments performed in triplicate.
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2.2. FT-IR Characterization of Peptides Before and after Counter-Ion Exchange

Trifluoroacetate to acetate exchange is generally not a trivial operation. However, we tried to
replace TFA by a triple step of peptide dissolution in acetic acid solutions and lyophilization. TFA
removal was assessed by FT-IR spectroscopy comparing specific TFA IR bands before and after the
treatment. We referred in particular to bands appearing as a shoulder at about 1670 cm−1 and two
strong absorption bands at about 1135 and 1200 cm−1 [30]. These bands in proteins and peptides
appear well above 1200 cm−1 [31], therefore they could be used as a good fingerprint to determine TFA
amounts by comparing relative intensities. The data in Figure 1C shows that more than about 90% of
the initial TFA content was removed by our treatment [30], suggesting that the method, with some
improvements, could be used for replacing TFA with acetate in peptide samples.

2.3. iVR1Ac Shows Increased Inhibitory Activity Compared to iVR1-TFA

To verify whether the exchange of TFA with acetic acid could interfere with the inhibitory activity
of iVR1, we performed a competitive ELISA using both compounds and as further control an unrelated
peptide. iVR1-TFA, iVR1-Ac and the control peptide (CP) were used in competition for the binding of
VEGF-A to VEGFR1. As shown in Figure 1D, iVR1-TFA was able to inhibit the binding of VEGF-A to
VEGFR1 with an IC50 of 9.35 μM, whereas iVR1-Ac showed a greater competing activity with an IC50

close to 1.94 μM. The CP was unable to inhibit VEGF-A/VEGFR1 interaction. Thereby the counter-ion
exchange determined an increase in terms of inhibitory activity of about five times, likely due to
a partial improved solubility.

2.4. Intravitreal Delivery of iVR1-Ac Potently Inhibit Laser-Induced CNV

Laser-induced CNV experiments were performed to verify the ability of iVR1-Ac to inhibit
pathological neovascularization in vivo. Immediately after the induction of laser damage, single
intravitreal injections of iVR1-Ac or of the vehicle (DMSO) and of anti-mouse VEGF-A polyclonal
antibody used as positive controls, were performed. After seven days, CNV volume was evaluated by
immunofluorescence analysis of retinal pigment epithelium (RPE) choroid flat mounts. Anti-mouse
VEGF-A induced a strong and significant inhibition compared to PBS (−54.3%, p = 0.001 vs. PBS).
iVR1-Ac was able to induce a dose-dependent inhibition of CNV. Indeed, at 10 μg it already induced
a significant reduction of CNV (−37.8%, p = 0.0464 vs. DMSO) and become even stronger at the highest
quantity delivered of 50 μg (−73.9%, p = 0.0002 vs. DMSO; Figure 2).
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Figure 2. iVR1-Ac inhibits laser-induced choroid neovascularization (CNV) in a dose-dependent
manner after intravitreal delivery. After 7 days from laser-induced damage, CNV volumes were
measured by Isolectin B4 staining of RPE-choroid flat mounts. N = 5 mice per group. The following
number of spots were analyzed: DMSO = 14, iVR1-Ac [10 μg] = 12, iVR1-Ac [50 μg] = 15; PBS = 10,
anti-m-VEGF-A = 8. Data are presented as the mean ± SEM. * p = 0.0002 and # p = 0.0464 vs. DMSO; §
p = 0.001 vs. PBS. On the bottom, representative pictures of CNV are shown. Scale bar: 100 μm.

2.5. iVR1-Ac Delivered by Gavage Provides Effective CNV Inhibition

In order to look for alternative route of administration for treating wet AMD, we evaluated
whether systemic delivery of iVR1-Ac by gavage was similarly effective. The administration of the
peptide, and as control of the vehicle (200 μL each dose), started 12 h after the damage induced by
laser and was performed over 7 days, two times per day, at 50 mg/Kg. This dosage was chosen based
on previous data obtained in in vivo experiments for tumor studies [28].

iVR1-Ac suppressed CNV by of about 50%, inhibiting pathological neovascularization (p = 0.001
vs. vehicle; Figure 3).
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Figure 3. iVR1-Ac inhibited laser-induced CNV when delivered by gavage. After 7 days from
laser-induced damage, CNV volumes were measured by Isolectin B4 staining of RPE-choroid flat
mounts. N= 5 mice per group. The following number of spots were analyzed: vehicle= 10, iVR1-Ac = 20.
Data are presented as the mean ± SEM. * p = 0.001 vs. vehicle. On the right, representative pictures of
CNV are shown. Scale bar: 100 μm.

3. Discussion

Two main concerns affect the current anti-angiogenic therapies for ocular neovascular diseases:
the side effects deriving from the prolonged block of VEGF-A and the tedious and the potentially
dangerous practice of intravitreal injection. This last concern is also associated with the general
reluctance of patients to be submitted to intravitreal punctures, most often accepted with worries
and fright.

Several data from preclinical models and patients show how detrimental can be the block of
VEGF-A, and consequently of VEGF-A/VEGFR2 signaling, given its involvement also in physiological
settings. VEGFR1 is also deeply involved in neoangiogenesis, however its activity is mostly restricted
to pathological conditions. On this basis, we chose it as a privileged and more selective therapeutic
target for angiogenesis inhibition. If the VEGF-A/VEGFR2 pathway is crucial for the stimulation,
differentiation and migration of endothelial cells, as well as for the physiological homeostasis of
vessels [32], the ability of VEGFR1 to drive neo-angiogenesis depends essentially on its wide pattern of
expression and on its ability to drive survival, migratory, and cells recruitment signals [15,33]. Indeed,
it is expressed on endothelial cells, where it has a role in vessel sprouting and growth [34], in mural
cells, where drives their recruitment essential to stabilize nascent vessels [32], and in inflammatory
cells that are recruited and activated at neo-angiogenic sites where they result crucial to further foster
the vessel growth and stabilization [35].

The importance of VEGFR1 in pathological neoangiogenesis was also confirmed by our previous
data. In the preclinical model of colorectal cancer [28], iVR1 was able to inhibit tumor growth
and vascularization with an extent similar to that induced by bevacizumab, despite an IC50 close
to 10 μM. It potently inhibited VEGFR1 phosphorylation in vivo and induced a strong decrease of
monocyte-macrophages and mural cells recruitment. Here, we reported on a further advancement of
knowledge on iVR1. We had indeed observed a considerable improvement of the peptide ability to
inhibit VEGFR1 activity when the TFA counter-ion was removed or reduced from the formulation
and replaced with acetate. Such improvement is reflected by the IC50 passing from about 10 μM to
less than 2 μM. Intravitreal delivery of this new version of iVR1 in the preclinical model of wet AMD
determines an inhibition of neovascularization to an extent never observed with anti-mouse VEGF-A
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antibodies. Together, these results demonstrated that in these in vivo preclinical models of diseases,
the prevention of VEGFR1 activation was a valid and effective alternative to the block of VEGF-A.

As anticipated, a major concern associated to the anti-angiogenic therapy for eye diseases is
the delivery achieved by intravitreal injection of the drugs. Very few reports have so far described
the delivery of anti-angiogenic drugs by oral administration for wet AMD. They are all referred
to multitarget tyrosine kinase inhibitors (TKi; i.e., lenvatinib, pazopanib) mainly selected for their
activity on VEGFR2 [36–38]. It must be underlined that the use of TKi substantially mirrors the block
of VEGF-A achieved with current therapeutic agents but add further complications deriving from
their multitargeting properties. It is therefore expected that this therapeutic strategy may have the
dual side effects of prejudicing the physiological role of VEGF-A/VEGFR2 axis and suppressing the
potentially beneficial activity of many other unrelated receptors targeted by the TKi, both at ocular and
systemic levels.

Here we demonstrated that iVR1 was able to inhibit the CNV by 50% when delivered by gavage,
displaying, for the first time at the best of knowledge, that inhibition of pathological neovascularization
at ocular level was also feasible by systemic delivery of an anti-angiogenic peptide not inhibiting the
VEGF-A/VEGFR2 axis. The dosage of 50 mg/kg was based on previous results obtained in tumor
models, in which iVR1 was delivered by intraperitoneal injection every other day at 50 mg/kg for
14 days or at 25/mg/kg for 80 days [28]. This dosage regimen had not evidenced any gross side effects
or sign of toxicity. These previous data and those we reported here allowed us to speculate that the
systemic block of VEGFR1 could determine low or negligible side effects deriving from its minor role
in physiological processes.

The prevalence of wet AMD is destined to increase in the next years as a consequence of exponential
population ageing [1]. Accordingly, the request of new anti-angiogenic drugs, even better if delivered
by routes alternative to the intravitreal injection, will consequently increase expanding enormously the
interest for this class of molecules. Clearly, to propose iVR1 for further therapeutic studies, iVR1 toxicity,
pharmacokinetic and pharmacodynamic studies at ocular and systemic levels are needed. In this
perspective, analogues of iVR1 obtained from the iVR1 chemical structure have already been identified
and will be soon characterized for their anti-angiogenic properties to assess the therapeutic potential.

4. Materials and Methods

4.1. Peptide Synthesis

All chemicals for peptide synthesis were from commercial sources and used without further
purification unless otherwise stated. Solvents, including acetonitrile (CH3CN), dimethylformamide
(DMF) were purchased from Sigma Aldrich (Milano, Italy). Acetic acid, N,N-Diisopropylethylamine
(DIPEA), piperidine, and TFA were also from Sigma-Aldrich. Protected amino acids and the
coupling agents OxymePure® (ethyl 2-cyano-2-(hydroxyimino)acetate, called Oxyma Pure) and
N-N′ diisopropylcarbodiimide (DIC) used for peptide synthesis were from IRIS Biotech (Marktredwitz,
Germany). The peptide was prepared as previously reported [27,28], with some modifications. In
particular as coupling and deprotection agents we used Oxyma/DIC/DIPEA and 40% piperidine in
DMF to improve the final yield and to obtain purer products. The crude material was characterized by
LC–MS [29] and purified by preparative RP-HPLC using a gradient from 20% solvent B (CH3CN, 0.1%
TFA) to 80% solvent B over solvent A (H2O, 0.1% TFA) in 20 min, monitoring the eluate at 214 nm.
The purified material was collected, lyophilized, and characterized for purity and identity by LC–MS
using the conditions previously reported [29].

4.2. FT-IR Characterization of Peptides Before and After Counter-Ion Exchange

To assess the removal of TFA, purified peptides were characterized by FT-IR spectroscopy.
To remove the TFA the peptide samples were dissolved in 0.1 M acetic acid in water and lyophilized
for at least 24 h. The treatment was repeated at least three times. To assess removal of TFA, solid
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samples were analyzed before and after treatment by FT-IR spectroscopy using a Jasco FT/IR 4100
spectrometer (Jasco Europe, Cremella, Italy). Samples were ground into a fine powder and analyzed
by FT-IR following the attenuated total reflection (ATR) technique. In these experiments a dry peptide
film, from which most of the free solvent water was removed, was prepared on the ATR crystal. Then
the characteristic peaks of IR transmission spectra were recorded at a resolution of 4 cm−1 over the
wavenumber region of 400–4000 cm−1.

4.3. Competitive ELISA for VEGF-A/VEGFR-1 Interaction

The competitive ELISA based assay was performed by coating on 96-well plates a recombinant
form of VEGFR-1 (R&D Systems, Minneapolis, MN, USA) at 0.5 μg/mL in PBS, 100 μL/well (the same
volume was used for all subsequent steps), 16 h at room temperature. The plate was then blocked
for 3 h at RT with 1% bovine serum albumin (BSA). Recombinant form of VEGF-A (R&D Systems) at
5 ng/mL in PBS containing 0.1% BSA, 5 mM EDTA, 0.004% Tween 20 (PBET) and 4% DMSO, was added
alone or mixed with peptides at a concentration ranging between 0.04 and 100 μM, and incubated for
1 h at 37 ◦C followed by 1 h at RT. A biotinylated anti VEGF-A polyclonal antibody (R&D Systems)
diluted in PBET at 150 ng/mL, was added to the wells and incubated for 1 h at 37 ◦C followed by 1 h at
RT. A solution containing an avidin and biotinylated horseradish peroxidase (HRP) macromolecular
complex was prepared as suggested by the manufacturer (Vector Laboratories, Burlingame, CA, USA)
and added to the wells and incubated for 1 h at RT followed by the HRP substrate composed of 1 mg/mL
of ortho-phenylenediamine in 50 mM citrate phosphate buffer pH 5, 0.006% of H2O2, incubated for
40 min in the dark at RT. The reaction was blocked by adding 30 μL/well of 4 N H2SO4 and the
absorbance measured at 490 nm on a microplate reader (BenchMark, Biorad, Hercules, CA, USA).

4.4. Animals

C57Bl6/J were purchased from Charles River. Animal experiments were run in accordance with
European directives no. 2010/63/UE and Italian directives D.L. 26/2014, and were approved by the
Italian Ministry of Health (authorization no. 695/2015-PR of 17 July 2015). For laser-induced CNV,
anesthesia was performed by intraperitoneal injection of 100 mg/kg ketamine hydrochloride and
10 mg/kg xylazine. Pupils were dilated with topical tropicamide (1%, Visupharma, Rome, Italy).

4.5. Choroidal Neo-Vascularization Model: Intravitreal Delivery

Laser photocoagulation was performed on 6–8 weeks old C57Bl6/J mice (n = 5 per group), using
a 532-nm laser (Meridian, Thun, Switzerland) connected to the Micron IV apparatus (Phoenix Research
Labs), Pleasanton, CA, USA). Eyes in which a massive sub-retinal hemorrhage developed after laser
induction of CNV were excluded from the analysis. Immediately after the laser application, 10 or 50 μg
of iVR1 in 1 μL of vehicle (DMSO) were intravitreally injected with a microsyringe (Hamilton Italy,
Agrate Brianza, Italy) carrying a 33-gauge needle. As positive control of inhibition, 2 ng of anti-mouse
VEGF-A polyclonal antibody (R&D Systems) in 1 μL of PBS were intravitreally delivered. Of vehicles
(DMSO or PBS) 1 μL was delivered to the contralateral eyes.

4.6. Choroidal Neo-Vascularization Model: Oral Delivery by Gavage

Laser photocoagulation was performed on 6–8 weeks old C57Bl6/J mice (n = 5 per group).
iVR1 was dissolved in DMSO and daily mixed with food thickener Nutilis (Nutricia, Hoofddorp,
The Netherlands) to have a final concentration of 6.25 mg/mL of iVR1 in 4.25% Nutilis, 10% DMSO.
Of peptide preparation (50 mg/Kg) 200 μL was administered by gavage using a syringe carrying
a rounded tip 20-gauge needle, starting 12 h after laser damage, over 7 days, two times per day. To
control animals, the same volume of vehicle was delivered.
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4.7. Choroidal Neo-Vascularization Volume Quantification

Seven days after laser injury, eyes were enucleated and processed to isolate eye-cups that were
stained with 0.7% FITC-conjugated Griffonia simplicifolia Isolectin B4 (Vector Laboratories). Afterwards,
retinae were removed and RPE-choroid were flat mounted by four incisions under dissecting microscope
and then mounted with Vectashield. CNV were visualized under Leica DM6000 fluorescent microscope
and horizontal optical sections were obtained at every 1-μm step from the surface to the deepest focal
plane. The CNV volume was measured summing the whole fluorescent area of each optical section
with ImageJ software.

4.8. Statistical Analysis

Results are expressed as mean ± SEM, with p values < 0.05 considered statistically significant.
Differences among groups were compared by the Student’s t test (two-tailed) or one-way ANOVA.

5. Patents

Patents resulting from the work reported in this manuscript: Italian patent n. 102018000008507
filed on 11 November 2018, entitled: “Peptidi ed usi medici correlati”.
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AMD age-related macular degeneration
CNV choroid neovascularization
CRVO central retinal vein occlusion
DR diabetic retinopathy
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TFA trifluoroacetate
TKi tyrosine kinase inhibitors
VEGF vascular endothelial growth factor
VEGFR1 vascular endothelial growth factor receptor 1
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Abstract: Prolyl-hydroxyproline (Pro-Hyp) and hydroxyprolyl-glycine (Hyp-Gly) appear in human
blood after ingestion of collagen hydrolysate and trigger growth of fibroblasts attached on collagen
gel, which has been associated with beneficial effects upon ingestion of collagen hydrolysate, such as
improvement of skin and joint conditions. In the present study, inconsistent results were obtained
by using different lots of fetal bovine serum (FBS). Fibroblasts proliferated in collagen gel without
adding Pro-Hyp and Hyp-Gly and did not respond to addition of Pro-Hyp and Hyp-Gly, which
raises doubts about conclusions from prior research. Unexpectedly high levels of hydroxyprolyl
peptides, including Pro-Hyp, however, were present in the FBS (approximately 100 μM), and also
in other commercially available forms of FBS (70–80 μM). After removal of low molecular weight
(LMW, < 6000 Da) compounds from the FBS by size exclusion chromatography, Pro-Hyp and Hyp-Gly
again triggered growth of fibroblasts attached on collagen and increased the number of fibroblasts
migrated from mouse skin. These results indicate the presence of bioactive hydroxyprolyl peptides in
commercially available FBS, which can mask effects of Pro-Hyp and Hyp-Gly supplementation; our
work confirms that Pro-Hyp and Hyp-Gly do play crucial roles in proliferation of fibroblasts.

Keywords: prolyl-hydroxyproline (Pro-Hyp); hydroxyprolyl-glycine (Hyp-Gly); collagen peptide;
fibroblasts; fetal bovine serum (FBS)

1. Introduction

Collagen is the main protein in the extracellular matrix and has a triple-helical structure. Collagen
has two specific post-translationally modified amino acids: hydroxyproline (Hyp) and hydroxylysine
(Hyl). Heat treatment converts the triple-helical structure of collagen into a globular structure, which
is referred to as gelatin. The protease digest of gelatin is referred to as collagen hydrolysate, gelatin
hydrolysate, or collagen peptide. Collagen hydrolysate is prepared from skin, bones, and tendons of
animals, or the skin and scales of fish. In human trials with placebo controls, ingestion of collagen
hydrolysate (2.5–10 g/day) suppresses transepidermal water loss, reduces wrinkle volume, and increases
elasticity of skin [1–4]. Furthermore, ingestion of collagen hydrolysate moderates the symptoms of
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osteoarthritis [5,6] and enhances healing of pressure ulcers [7–9]. Our previous work has shown that
ingestion of collagen hydrolysate (2–20 g) increases the peptide forms of Hyp (i.e., hydroxyprolyl peptide
or collagen peptide) in human peripheral blood plasma to 20–100 μM [10–13]. To date, the presence of
more than ten food-derived hydroxyprolyl peptides in human blood has been reported, including
prolyl-hydroxyproline (Pro-Hyp), hydroxyprolyl-glycine (Hyp-Gly), alanyl-hydroxyproline (Ala-Hyp),
isoleucyl-hydroxyproline (Ile-Hyp), leucyl-hydroxyproline (Leu-Hyp), phenylalanyl-hydroxyproline
(Phe-Hyp), glutamyl-hydroxyproline (Glu-Hyp), prolyl-hydroxyprolyl-glycine (Pro-Hyp-Gly),
glycyl-prolyl-hydroxyproline (Gly-Pro-Hyp), alanyl-hydroxyprolyl-glycine (Ala-Hyp-Gly), and
serinyl-hydroxyprolyl-glycine (Ser-Hyp-Gly). Pro-Hyp and Hyp-Gly are the main hydroxyprolyl
peptides found in human blood after ingestion of collagen hydrolysate [10–13]. Pro-Hyp is also
generated by the degradation of endogenous collagen in tissue undergoing inflammation [14] and at
wound healing sites in the skin [15].

Mouse skin fibroblasts attached on collagen gel stopped growing without addition of Pro-Hyp,
even in the presence of fetal bovine serum (FBS), whereas fibroblasts grew on plastic plates in the
presence of FBS [11,16,17]. We previously reported that Pro-Hyp and Hyp-Gly triggered the growth of
fibroblasts attached on collagen gel [11,17], which has been associated with biological responses upon
ingestion of collagen hydrolysate. However, some researchers have obtained results inconsistent with
our findings (personal communication). In the present study, we also found that fibroblasts attached
on collagen gel grew without adding Pro-Hyp when we used different lots of FBS than those used in
previous studies. The objectives of the present study were to solve this problem and confirm the effects
of food-derived hydroxyprolyl peptides on the growth of fibroblasts.

2. Results and Discussion

2.1. Growth of Fibroblasts on Collagen Gel in Medium Containing FBS-1

Mouse skin fibroblasts were cultivated on collagen gel in a medium containing a commercially
available lot of FBS (FBS-1). As shown in Figure 1, fibroblasts grew on the collagen gel even without
addition of Pro-Hyp and Hyp-Gly. Addition of mixture of Pro-Hyp (100 μM) and Hyp-Gly (100 μM)
did not significantly enhance growth of fibroblasts. These results are inconsistent with previous studies
using different lots of the same brand of FBS [11,16,17], in which fibroblasts grew on collagen gel only
after adding Pro-Hyp and Hyp-Gly. It has been demonstrated that some FBS lots contain significant
amounts of free Hyp, while the presence of hydroxyprolyl peptide has not been examined [18].
We assumed that FBS might contain different levels of hydroxyprolyl peptides depending on lot
number and brand, which might explain the inconsistent results.

Figure 1. Effect of a mixture of Pro-Hyp and Hyp-Gly on the growth of fibroblasts on collagen gel
in the presence of 10% FBS-1; (�), control; (�), medium containing Pro-Hyp and Hyp-Gly at 100 μM,
respectively. Data are shown as mean ± standard deviation (SD) (n = 5). Asterisks indicate significant
differences (p < 0.05; Tukey’s test). N.S. indicates results that are not significantly different.
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2.2. Presence of Hydroxyprolyl Peptides in FBS

Amino acid analysis revealed the presence of hydroxyprolyl peptides in the type of FBS used in
the present study. As shown in Figure 2A, FBS contained unexpectedly higher levels of hydroxyprolyl
peptide (approximately 70–100 μM) than adult bovine serum (ABS) and human plasma before ingestion
of collagen hydrolysate [10,11,13]. As shown in Figure 2B, Pro-Hyp accounted for 37%–70% of total
hydroxyprolyl peptides in FBS. These values are similar to those in human plasma after ingestion
of collagen hydrolysate [10,11,13]. On the other hand, only negligible amounts of Hyp-Gly were
present in the FBS. It has been demonstrated that constituents in FBS differ between lots, even from
the same brand [18]. Thus, different lots of FBS might contain different levels of Pro-Hyp and other
hydroxyprolyl peptides.

 
Figure 2. Contents of hydroxyprolyl peptide in commercially available fetal bovine serum (FBS) and
adult bovine serum (ABS): (A) Hyp-containing peptide; (B) content of Pro-Hyp (�) and Hyp-Gly (�); a

peptide form of Hyp.

2.3. Removal of Hydroxyprolyl Peptides from FBS-1

As shown in Figure 3, the protein in FBS-1 was eluted in fractions 4–7 by size-exclusion
chromatography (SEC). Hydroxyprolyl peptides were eluted in fractions 6–10. According to the
instructions from the supplier, peptides larger than 6000 Da were eluted in fractions 4–7. Thus,
hydroxyprolyl peptides in fractions 6 and 7 were larger than 6000 Da. Based on these facts, fractions
4–7 were collected and used as FBS-1 free from low molecular weight (LMW) compounds. Fractions
8–13 were collected and used as LMW fractions.

Figure 3. Elution of protein and hydroxyprolyl peptide in FBS-1 from the Econo-Pac 10DG column; (�),
protein; (�), Hyp-containing peptide; a peptide form of Hyp.
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The different fractions (FBS-1, FBS-1 free from LMW fractions, and LMW fractions) were each
added to the medium of fibroblasts attached on plastic plates. FBS-1 free from LMW fractions caused
fibroblast proliferation equivalent to proliferation with non-purified FBS-1 (Figure 4), while LMW
fractions caused little fibroblast proliferation. These facts indicate that protein growth factors play a
significant role in proliferating fibroblasts on plastic plates, as compared to LMW compounds in FBS.

 
Figure 4. Effect of FBS-1 and its fractions on fibroblast growth on plastic plates. FBS-1 free from LMW,
SEC Fr. 4–7; LMW of FBS-1, SEC Fr. 8–13. Data are shown as the mean ± SD (n = 5). Different letters
indicate significant differences (p < 0.05, Tukey’s test).

2.4. Effect of Hydroxyprolyl Peptides on Growth of Fibroblasts on Collagen Gel

As shown in Figure 5, fibroblasts attached on collagen gel stopped growing in the presence of
FBS-1 free from LMW compounds. The addition of Pro-Hyp (100 μM) and Hyp-Gly (100 μM) triggered
growth of the fibroblasts. These results are consistent with our previous studies [11,17]. However,
when the present FBS-1 was used without purification, entirely different results were obtained (Figure 1)
due to presence of hydroxyprolyl peptides in the FBS-1.

 
Figure 5. Effect of mixture of Pro-Hyp and Hyp-Gly on the growth of fibroblasts on collagen gel in the
presence of 10% FBS-1 free from LMW hydroxyprolyl peptides; (�), control; (�), medium containing
Pro-Hyp and Hyp-Gly at 100 μM. Data are shown as mean ± SD (n = 5). Asterisks indicate significant
differences (p < 0.05, Tukey’s test). N.S. indicates results that are not significantly different.

2.5. Effect of Pro-Hyp on Number of Fibroblasts Migrated from Mouse Skin

In our previous research, we demonstrated that Pro-Hyp (200 μM) increased the number of
fibroblasts that migrated from skin in the absence of FBS [17]. However, the addition of FBS removed
this effect [17]. The FBS-1 free from LMW compounds was added to the skin culture system to give
2% and 10% concentrations. As shown in Figure 6, the number of fibroblasts that migrated from skin
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was significantly increased by the addition of Pro-Hyp (200 μM) in absence of FBS after 72 h, which is
consistent with previous results [17]. Even in the presence of FBS-1 free from LMW compounds at
2% and 10%, Pro-Hyp also increased the number of fibroblasts migrated from skin after 48 and 24 h,
respectively. In the previous study [17], hydroxyprolyl peptides in FBS might have partially masked
the effect of Pro-Hyp on the number of fibroblasts migrated from mouse skin.

Figure 6. Effect of Pro-Hyp on the number of fibroblasts migrated from mouse skin in the absence
or presence of FBS-1 free from LMW hydroxyprolyl peptides. Open column, control; closed column,
medium containing Pro-Hyp at 200 μM. Data are shown as the mean ± SD (n = 6). Asterisks indicate
significant differences (p < 0.05, Student’s t-test).

3. Materials and Methods

3.1. Bovine Sera

Three different brands of FBS (FBS-1–3) were commercially obtained. One brand of ABS was
commercially obtained.

3.2. Chemicals

The amino acid standard mixture (Type H), acetonitrile (for high performance liquid
chromatography: HPLC), trimethylamine, and phenyl isothiocyanate were all purchased from
Wako Chemicals (Osaka, Japan). Hydroxyproline and 0.25% trypsin-ethylenediaminetetraacetic acid
(EDTA) solution were purchased from Nacalai Tesque (Kyoto, Japan). Pro-Hyp and Hyp-Gly were
obtained from Bachem (Bubendorf, Switzerland). Dulbecco’s phosphate-buffered saline (D-PBS)
and gentamicin were purchased from Invitrogen (Carlsbad, CA, USA). Dulbecco’s modified
Eagle medium (DMEM) supplemented with L-glutamine (584 mg/L) was from Sigma-Aldrich
(St. Louis, MO, USA). Cell Counting Kit-8 was purchased from Dojin Glocal (Kumamoto, Japan).
Calf acid-soluble type I collagen solution (0.5%; IAC-50) was purchased from Koken (Tokyo, Japan). Here,
6-Aminoquinolyl-N-hydroxy succinimidyl carbamate (AccQ) was obtained from Waters Corporation
(Milford, MA, USA). All other reagents were of analytical grade or better.

3.3. Removal of Hydroxyprolyl Peptides from FBS-1

An Econo-Pac 10DG column (Bio-Rad Laboratories, Hercules, CA, USA) was pre-equilibrated with
the DMEM. In total, 3 mL of FBS-1 was loaded onto the column. After elution of the first 3 mL, 13 mL
DMEM was loaded onto the column. Effluent was collected in 1 mL quantities. Elution of protein was
monitored by the Bradford method using a Protein Assay Kit (Bio-Rad Laboratories). Hydroxyproline
and hydroxyprolyl peptides were detected by amino acid analysis, as described previously [10].
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3.4. Animals

All experiments were conducted according to the ethical guidelines of the Kyoto University
Animal Research Committee. The protocol was approved by the Kyoto University Animal Research
Committee (permission number: 2014–45, 2015–38). Five-week-old male Balb/c mice were purchased
from Japan SLC (Shizuoka, Japan). Mice were sacrificed by cervical dislocation under deep isoflurane
anesthesia. Abdominal skin was sterilized with 70% ethanol, shaved using a razor, and then stripped
for use in these experiments.

3.5. Estimation of the Number of Cells Migrated from Mouse Skin

The skin was rinsed with D-PBS and DMEM to remove ethanol and placed on sterilized rubber
plates. Disks measuring 4 mm in diameter were punched out using a Dermal Punch (Nipro, Tokyo,
Japan). The skin disks were then placed on 12-well plastic plates (Falcon BD, Lakes, NJ, USA).
DMEM was supplemented with gentamicin (0.01 mg/mL), FBS-1 (0%, 2%, and 10%) free from LMW
hydroxyprolyl peptides, and Pro-Hyp (0 and 200 μM), respectively. Then, 1 mL of each mixture was
added to the wells. The 12-well plastic plates were placed in a humidified incubator at 37 ◦C under 5%
CO2. After incubation at suitable intervals, cells were fixed with 4% paraformaldehyde and observed
using a phase-contrast microscope. The number of cells attached on the plate was directly counted.

3.6. Cell Proliferation Assay

Pieces of mouse abdominal skin (approximately 6–7 mm in width) were prepared using scissors
and placed on a culture dish (90 mm i.d.). DMEM supplemented with gentamicin (0.01 mg/mL) and
10% FBS-1 (5 mL) were added into dish. The skin pieces were cultured in a humidified incubator at
37 ◦C under 5% CO2. During cultivation, the medium was changed every 2–3 days. After incubation
for 2 weeks, the skin disks were removed; the fibroblasts migrated from skin were washed with PBS and
treated with 1 mL of a 0.25% trypsin-EDTA solution at 37 ◦C for 10 min. Here, 9 mL of medium with
10% FBS-1 was poured into the plate to inactivate trypsin. Fibroblasts were collected by centrifugation
at 3000 × g for 10 min. The pellets were suspended in each media: DMEM only, medium containing
FBS-1, FBS-1 free from LMW hydroxyprolyl peptides, or LMW fraction of FBS-1 (5 × 104 cells/mL), with
or without the addition of Pro-Hyp (final concentration 100 μM) and Hyp-Gly (100 μM). Fibroblasts
(5 × 103 cells/100 μL) were cultured on 96-well plastic plates or collagen gel-coated plates in each
media: DMEM only, medium containing FBS-1, FBS-1 free from LMW hydroxyprolyl peptides, or LMW
fraction of FBS-1, with and without the addition of Pro-Hyp and Hyp-Gly. The collagen solution (0.5%)
and the same volume of double-concentrated DMEM medium were mixed, and 100 μL of mixture
was added into each well of the 96-well plastic plate. The plate was then incubated in a humidified
incubator for 1 h at 37 ◦C under 5% CO2 to allow gelation. Cell proliferation was monitored using a
Cell Counting Kit-8 instrument.

3.7. Amino Acid Analysis

FBS, ABS, and SEC fractions of FBS-1 were mixed with three volumes of ethanol and centrifuged
at 1000 × g for 10 min. The supernatant was used as the 75% ethanol-soluble fraction. Next, 100 μL of
the 75% ethanol-soluble fraction was dried in a glass tube (5 × 60 mm) and hydrolyzed by 6 M HCl
vapor at 150 ◦C for 1 h, as described previously [10]. The Hyp contents in the non-hydrolysate and
HCl hydrolysate were determined according to the method of Bidlingmeyer et al. [19], with slight
modifications [10].

3.8. Determination of Pro-Hyp and Hyp-Gly

Pro-Hyp and Hyp-Gly in FBS were derivatized with AccQ and then determined by the liquid
chromatography tandem mass spectrometry (LC-MS/MS) in multireaction monitoring (MRM) mode,
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using an LCMS-8040 (Shimadzu, Kyoto, Japan) and high-pressure binary gradient HPLC (LC20 system,
Shimadzu), as previously reported [13].

3.9. Statistical analysis

Differences between means were evaluated using one-way analysis of variance, followed by
Tukey’s multiple comparison test for post hoc analysis using GraphPad Prism Version 6.04 (GraphPad
Software, San Diego, CA, USA). Differences between the two groups were compared using Student’s
t-tests.

4. Conclusions

The present study demonstrates that some commercially available FBS contain high levels of
LMW hydroxyprolyl peptides (70–100 μM), including Pro-Hyp. These values are higher than those in
ABS and human plasma without ingestion of collagen hydrolysate. By using FBS that is free from LMW
hydroxyprolyl peptides, the present study clearly confirms that Pro-Hyp and Hyp-Gly play crucial roles
in proliferation of fibroblasts attached on collagen gel. It has been demonstrated that hydroxyprolyl
peptides exert many functions, such as anti-hypertention [20], anti-inflammation [21], and improvement
of glucose tolerance [22], in addition to improving skin and joint conditions. Therefore, researchers who
use cell culture systems to evaluate biological activities should be aware of the presence of bioactive
hydroxyprolyl peptides in FBS.
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Abbreviations

Pro-Hyp prolyl-hydoxyproline
Hyp-Gly hydroxyprolyl-glycine
Ala-Hyp alanyl-hydroxyproline
Ile-Hyp isoleucyl-hydroxyproline
Leu-Hyp leucyl-hydroxyproline
Phe-Hyp phenylalanyl-hydroxyproline
Glu-Hyp glutamyl-hydroxyproline
Pro-Hyp-Gly prolyl-hydroxyprolyl-glycine
Gly-Pro-Hyp glycyl-prolyl-hydroxyproline
Ala-Hyp-Gly alanyl-hydroxyprolyl-glycine
Ser-Hyp-Gly serinyl-hydroxyprolyl-glycine
FBS fetal bovine serum
LMW low molecular weight
ABS adult bovine serum
SEC size-exclusion chromatography
HPLC high performance liquid chromatography
EDTA ethylenediaminetetraacetic acid
DMEM Dulbecco’s Modified Eagle Medium
D-PBS Dulbecco’s phosphate-buffered saline
AccQ 6-Aminoquinolyl-N-hydroxy succinimidyl carbamate
LC-MS/MS liquid chromatography tandem mass spectrometry
MRM multiple reaction monitoring
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Abstract: Neurotensin (NT) demonstrates ambiguous activity on inflammatory processes. The
present study was undertaken to test the potential anti-inflammatory activity of NT in a murine
model of non-atopic asthma and to establish the contribution of NTR1 receptors. Asthma was
induced in BALB/c mice by skin sensitization with dinitrofluorobenzene followed by intratracheal
hapten provocation. The mice were treated intraperitoneally with NT, SR 142948 (NTR1 receptor
antagonist) +NT or NaCl. Twenty-four hours after the challenge, airway responsiveness to nebulized
methacholine was measured. Bronchoalveolar lavage fluid (BALF) and lungs were collected for
biochemical and immunohistological analysis. NT alleviated airway hyperreactivity and reduced
the number of inflammatory cells in BALF. These beneficial effects were inhibited by pretreatment
with the NTR1 antagonist. Additionally, NT reduced levels of IL-13 and TNF-α in BALF and
IL-17A, IL12p40, RANTES, mouse mast cell protease and malondialdehyde in lung homogenates.
SR 142948 reverted only a post-NT TNF-α decrease. NT exhibited anti-inflammatory activity in the
hapten-induced asthma. Reduced leukocyte accumulation and airway hyperresponsiveness indicate
that this beneficial NT action is mediated through NTR1 receptors. A lack of effect by the NTR1
blockade on mast cell activation, oxidative stress marker and pro-inflammatory cytokine production
suggests that other pathways can be involved, which requires further research.

Keywords: neurotensin; asthma; inflammation

1. Introduction

Neurotensin (NT), regarded as a hormone, paracrine factor or neurotransmitter, regulates various
physiological functions. It was first isolated from bovine hypothalamus by Carraway and Leeman in
1973 and named because of its neuronal localization and hypotensive activity [1]. In the brain, NT
controls anterior pituitary hormone secretion [2], hypothermia [3] and antinociceptive activity [4].
In the periphery, NT is widely distributed in the gastrointestinal tract, where it influences gut motility.
It has also been identified in other peripheral organs: lung, liver, heart, pancreas and spleen [5].

NT is an endogenous tridecapeptide (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu).
The C-terminal part (precisely NT 8-13) is recognized by all known NT receptors and demonstrates
activity similar to an entire NT molecule [6,7]. To date, four subtypes of cell surface receptors that
can mediate NT responses have been described. The high-affinity NTR1 receptor, responsible for the
most physiological effects of NT, is a member of the G protein-coupled receptors family, with seven
transmembrane domains [8,9]. The G protein-linked second messenger system is also affected by the
low-affinity NTR2 receptor, which presents 64% amino acid homology with NTR1. In contrast to
NTR1, NTR2 is characterized by the capability to recognize levocabastine, a histamine H1 receptor
antagonist. This sensitivity feature allows for the distinction between NTR1 and NTR2 [10]. However,
the role of NTR2 in NT signaling remains controversial. Different results suggest that NT can be
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treated as an agonist, inverse agonist or antagonist at this binding site [11]. Some similarities have
been described between mosaic protein NTR3 and the last identified NTR4 receptor. However, their
role in the physiological properties of NT is unclear [12,13].

Neurotensin plays a part as an important regulator of immune cells: lymphocytes, mastocytes
and macrophages, as well as vascular, epithelial and connective tissue cells [14,15]. Similarly to other
neuropeptides, NT can act as a link between the immune and nervous systems. Neurogenic stimulation
is involved in the processes of inflammation, proliferation, cytokine and growth factor production [16]
and this neuroimmune interaction can be observed in asthma [17]. Asthmatic airway hyperreactivity
is modulated by the neurons innervating lungs [18,19]. NT receptors have been synthesized and
transported within a subpopulation of afferent and efferent components of the vagus nerve [20].
Therefore, a possibility exists that, in asthma, NT might exert its effects via the modulation of both
inflammatory cells and lung nerves.

Despite considerable advances in understanding NT properties and its function in physiological
and pathological phenomena, its exact role in the inflammation process still remains controversial.
There are several studies, demonstrating contradicting results, which point to either the pro- or
anti-inflammatory activity of NT. As an example, it has been demonstrated that NT promotes an acute
inflammatory response in the experimental model of colon inflammation [21], while in another study,
NT augmented the healing process of colonic mucosa in the chronic phase of disease [22].

The controversies on NT involvement in the inflammatory processes and the possibility of
modulatory action on lung nerves prompted us to investigate its potential anti-inflammatory activity
in a murine model of non-atopic asthma induced by a low molecular compound (hapten), specifically
dinitrofluorobenzene (DNFB). A simultaneous purpose is establishing the contribution of the NTR1
receptor via pretreatment with the nonpeptide NT antagonist SR 142948.

2. Results

2.1. Airway Hyperresponsiveness (AHR)

There was no significant difference between all tested groups after NaCl and the lowest dose of
methacholine (5 mg/mL) nebulization. However, an intratracheal dinitrobenzene sulphonic acid (DNS)
challenge in DNFB-sensitized mice increased airway hyperresponsiveness to methacholine in doses
of 10, 20 and 40 mg/mL, which was reflected in increased Penh (Figure 1). Intraperitoneal injection
of NT after the hapten challenge significantly reduced Penh compared to the positive control group
(PC). Administration of the NT antagonist SR 142948 limited the ameliorative activity of NT on airway
hyperresponsiveness (Figure 1). Although there was no meaningful difference in Penh values between
NT and SR 142948 +NT treated groups (p = 0.3, 0.09 and 0.15 for the three highest methacholine doses),
antagonist pretreatment counteracted NT-induced AHR reduction in comparison to the PC group
(p = 0.07, 0.11 and 0.15 for 10, 20 and 40 mg/mL of methacholine).

2.2. Leukocyte Accumulation in BALF and Lung Tissue

The cell influx in the airway lumen during the course of inflammation consisted primarily
of macrophages and neutrophils, and, to a lesser degree, lymphocytes. The higher percentage
of neutrophils is a hallmark of non-atopic asthma. DNFB-sensitized/DNS-challenged mice (PC)
demonstrated an increased number of total inflammatory cells and neutrophils compared to a
vehicle-sensitized/DNS-challenged group (NC) (Figure 2A,B). The administration of NT significantly
reduced leukocyte accumulation in BALF. The beneficial effect of NT was reduced by pretreatment with
SR 142948 (Figure 2A,B). A histological evaluation showed similar changes—apparent peribronchial
leukocyte accumulation in the PC group (Figure 2C), which was reflected by an increased inflammation
score (Figure 2D). NT treatment significantly attenuated the inflammation score, while pretreatment
with the NTR1 antagonist eliminated this effect (Figure 2D).
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Figure 1. Airway responsiveness (Penh) to increasing concentrations of methacholine (5, 10,
20, 40 mg/mL). Effect of treatment with Neurotensin (NT) alone and NT pretreated with SR
142948 in dinitrofluorobenzene (DNFB)-sensitized/ dinitrobenzene sulphonic acid (DNS)-challenged
mice. Comparison to DNFB-sensitized/DNS-challenged group (positive control; PC) and
vehicle-sensitized/DNS-challenged group (negative control; NC) treated with NaCl. The results
are presented as means ± SEM; n = 6–7 mice per group. * p < 0.05, ** p < 0.01 compared with the NC
group, # p < 0.05 compared with the PC group.

 
Figure 2. Reduction of the total number of inflammatory cells (A) and neutrophils (B) in bronchoalveolar
lavage fluid (BALF) and effect of NT on lung tissue inflammatory cell infiltration; hematoxylin-
and eosin-stained lung sections (C) and inflammation score (D); see Materials and Methods
4.9. Effect of treatment with NT alone and NT pretreated with SR 142948 in comparison to
DNFB-sensitized/DNS-challenged group (positive control; PC) and vehicle-sensitized/DNS-challenged
group (negative control; NC) treated with NaCl. The pictures were made at magnification × 10. The
results are presented as means ± SEM (n = 7–8 in BALF and n = 4 in histology study). ** p < 0.01,
*** p < 0.001 compared with the NC group, # p < 0.05, ## p < 0.01, ### p < 0.001 compared with the
PC group.

49



Int. J. Mol. Sci. 2019, 20, 5025

2.3. Pro-Inflammatory Cytokine Production

An increased concentration of IL-17A, IL-12p40 and RANTES in lung tissue homogenates and
IL-13 and TNF-α in BALF was found in the PC group (Figure 3A–E). DNFB-sensitized/DNS-challenged
mice treated with NT were characterized as having a much lower level of cytokines compared to the
group treated with NaCl. Pretreatment with SR 142948 did not antagonize the anti-inflammatory
activity of NT on interleukin production (Figure 3A–E). The only exception was the concentration of
TNF-α, which remained enhanced after pretreatment with the NT antagonist (Figure 3E).

Figure 3. Pro-inflammatory cytokine concentrations in lung tissue homogenates: IL-17A (A), IL-12p40
(B), RANTES (C) and in BALF: IL-13 (D) and TNF-α (E) after treatment with NT alone and NT pretreated
with SR 142948. Comparison to DNFB-sensitized/DNS-challenged group (positive control; PC) and
vehicle-sensitized/DNS-challenged group (negative control; NC) treated with NaCl. The results are
presented as means ± SEM; n = 5–7 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
the NC group; # p < 0.05, ### p < 0.001 compared with the PC group.

2.4. The Level of Mouse Mast Cell Protease (MCPT 1)

The injection of DNS into the trachea of DNFB-sensitized mice significantly increased MCPT 1
concentration compared to the same in vehicle-sensitized animals. The administration of NT alone
and NT pretreatment with SR 142948 reduced levels of protease in lung tissue homogenates. However,
a significant difference was only obtained in the group without the application of an antagonist
(Figure 4A).

2.5. Oxidative Stress Marker Production

Malondialdehyde (MDA) concentration in lung homogenates of DNFB-sensitized/DNS-challenged
mice was almost three times that of the negative control (Figure 4B). NT treatment completely inhibited
oxidative stress marker production, while the administration of the SR 142948 antagonist had no
influence on NT activity.
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Figure 4. Mouse mast cell protease-1 (MCPT 1) (A) and malondialdehyde (MDA) (B) concentration
in lung tissue homogenates after treatment with NT alone and NT pretreated with SR
142948. Comparison to DNFB-sensitized/DNS-challenged group (positive control; PC) and
vehicle-sensitized/DNS-challenged group (negative control; NC) treated with NaCl. The results
are presented as means ± SEM; n = 4–7 mice per group. * p < 0.05, *** p < 0.001 compared with the NC
group; # p < 0.0, ## p < 0.01, ### p < 0.001 compared with the PC group.

3. Discussion

Although NT was isolated and described almost fifty years ago, its role in the regulation of an
inflammatory response is not completely elucidated. Some studies indicate the pro-inflammatory
activity of NT. It has been evidenced that plasma and intraperitoneal concentrations of NT are elevated
in the murine model of sepsis, whereas the administration of the NT antagonist or using NT-deficient
mice resulted in a decreased mortality rate [23]. The latest study suggested that the plasma level of the
stable precursor of NT may be a biomarker of visceral adipose tissue inflammation [24]. The expression
of NT and NTR1 was upregulated in animal models of colitis, suggesting that in the gastrointestinal
system NT is involved in pro-inflammatory signaling [25].

On the other hand, there is evidence pointing to an ameliorative effect of NT in the development of
inflammatory responses in the colon, confirmed by the repair and regeneration of colonic mucosa [22,26].
NT signaling was upregulated in experimental colitis as a part of the adaptive mechanism involved in
the healing process, while the administration of the NT antagonist increased the severity of mucosal
injuries. The beneficial influence of NT on wound repair has been associated with epithelial cell
migration mediated through COX-2 activation and PGE2 production [27]. In another study the
neuropeptide stimulated intestinal mucosa regeneration and exhibited anti-inflammatory activity
through the reduction of IL-6 and TNF-α levels in serum, and myeloperoxidase, malondialdehyde
and caspase-3 in colonic tissue [28]. The healing properties of NT have been confirmed in a murine
model of diabetes, where collagen matrices, loaded with NT-enhanced wound healing, decreased the
expression of TNF-α and IL-1β and reduced the infiltration of inflammatory cells into the wound [29].
Furthermore, a crucial role of NT in the wound healing process was evidenced by a decrease in the
pro-inflammatory features of skin dendritic cells and fibroblasts and an increase in the epidermal
growth factor expression [30,31].

The discrepant data on NT’s role in inflammation and the possibility of modulatory action on
lung nerves prompted us to investigate its potential in a murine model of non-atopic asthma, in which
an inflammatory reaction has been elicited by dermal sensitization with DNFB and an intratracheal
challenge with cognate compound DNS, as was previously described by van der Kleij [32].

In our study, NT administration markedly reduced airway responsiveness to methacholine
provocation and the effect was blocked by pretreatment with the NTR1 antagonist. In fact, widespread
NT in components of the central and peripheral nervous systems has been postulated to regulate
breathing in the physiological state and in the disease [33]. The neuropeptide and its receptors have
been identified in the airway mucosa and lungs [34], and in the presynaptic cholinergic terminals
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and post-synaptic smooth muscles of the bronchi [35], indicating potential sites of NT action and the
possibility of the modulation of airway hyperresponsiveness.

Yet, an in vitro study on guinea pig and rat tracheal preparations demonstrated the contractile
properties of NT on airway smooth muscle [35,36]. Contrarily another subsequent finding showed that
NT inhibited cholinergic and noncholinergic contractions of guinea pig bronchial rings stimulated by an
electrical field. The effect was reversed after treatment with a selective NTR1 receptor antagonist, which
corresponds to our AHR results [37]. We cannot rule out that reduced airway hyperresponsiveness
induced by NT was the consequence of attenuated inflammation reflected in the decreased inflammatory
cell influx in BALF, blocked by the NTR1 antagonist, as well. We used SR 142948, which is not as
selective an antagonist as SR 48692 but presents approximately ten times the affinity for NTR1 than
it does for NTR2 [38]. SR 48692, although characterized by high selectivity, failed to block many
physiological effects of NT, such as hypothermia and analgesia [39,40]. Its newer potent antagonist, SR
142948, has the ability to antagonize a wider spectrum of NT-mediated effects [41,42].

The contribution of NTR2 in these phenomena remains unclear when taking into consideration
the fact that several cell line studies indicate that both NT antagonists, SR 48962 and SR 142948 may
activate, instead of block, NTR2 [43]. The ability to examine NTR2 involvement in the inflammatory
process is limited due to the lack of a selective NTR2 antagonist. Levocabastine, which is recognized
by NTR2, exhibits species-dependent activity—it acts as an agonist in mice and as an antagonist in
humans [44].

The alleviating properties of NT have been further confirmed in our study in cytokine assays,
where NT diminished the concentration of IL-12p40, RANTES and IL-17A in lung homogenates,
and IL-13 and TNF-α in BALF. Many interleukins and chemokines have been described as being
involved in the development of asthma. IL-12p40, which is produced by activated monocytes,
neutrophils, macrophages and dendritic cells, acts as an inducer of Th1 cell differentiation [45].
Yet, anti-IL-12 treatment during the airway challenge was able to reduce the main symptoms of
ovalbumin-induced asthma, suggesting that IL-12 plays a pro-inflammatory role in the effector phase of
allergic airway inflammation [46]. Pro-inflammatory activity has also been demonstrated in chemokine
RANTES, which is considered to be a chemoattractant for eosinophils, monocytes, macrophages and T
lymphocytes. An elevated level of RANTES mRNA was observed in the respiratory tract of patients
suffering from mild asthma [47]. RANTES concentration was also markedly higher in the exhaled
breath condensate of asthmatics, particularly in patients with unstable asthma [48].

Another interleukin playing an important role in pulmonary inflammation is IL-17A, which is
secreted by distinctive T cells of the Th17 subtype and belongs to a larger IL-17 cytokine family [49].
IL-17A is expressed in the BALF, sputum and bronchial biopsies of asthmatic patients and is closely
linked to neutrophilic influx into the airways [50]. Neutrophil-mediated inflammation is connected
with the stimulating activity of IL-17A, which induces the release of the potent neutrophil chemotactic
factor CXCL8 from airway smooth muscle cells and airway epithelial cells, and in this way mobilizes
neutrophil recruitment [51,52]. These results are in line with the present study, where an increased
number of neutrophils in the BALF of DNFB-sensitized/DNS-challenged mice was accompanied by an
elevated concentration of IL-17A in lung tissue homogenates.

Another cytokine whose concentration in BALF was reduced by NT treatment is IL-13, regarded
as one of the most crucial cytokines in the initiation and exacerbation of asthma in humans [53]. This
Th2 cytokine plays an important role in allergic inflammation, yet acts probably via the pathway
independent of immunoglobulin E and eosinophils. IL-13 gene polymorphism might have an impact
on susceptibility to the disease [54].

It is noteworthy that pretreatment with the NT antagonist SR 142948 did not inhibit the effect
of NT on the majority of cytokines examined, suggesting that pathways for a receptor other than
NTR1 might be involved. The exception was TNF-α, which was attenuated by NT, and the effect
was reversed after the NTR1 blockade. Similarly to our study, NT reduced the level of TNF-α in
the serum of rats with experimentally induced colitis [28]. It has been previously demonstrated that
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the application of TNF-α to healthy and asthmatic subjects led to airway hyperresponsiveness and
neutrophil infiltration [55,56]. Increased levels of TNF-α were confirmed in bronchoalveolar lavage in
the same DNFB-induced model of non-allergic asthma [32]. The main source of TNF-α in asthmatic
lungs is mast cells, contributing to the development of late AHR [57]. The mast cells are known to
store a large number of different mediators, including TNF-α, that might be released at the same
time as other preformed granule contents, such as histamine, tryptase or chymase [58]. One of those
compounds is MCPT 1, classified as a β-chymase and predominantly produced by mucosal mast
cells [59]. In the present study, the DNS challenge in DNFB-sensitized mice increased the level of
MCPT 1 in lung tissue and the effect was markedly reduced after NT administration. The key role of
mast cells was previously established in a DNFB-induced model for non-atopic asthma [60].

We also demonstrated that NT significantly reduced the level of MDA, which corresponds to
results obtained by Akcan et al. [28]. MDA, regarded as a marker of oxidative stress reaction, is
formed as a consequence of the peroxidation of polyunsaturated fatty acids, which form the lipids
in the cell membrane. The concentration of MDA is increased both in the exhaled breath condensate
and the serum of asthmatic patients [61]. This is in line with animal studies—MDA was elevated in
murine lung tissue homogenates in a model of ovalbumin-induced allergic asthma [62], as well as in
occupational asthma in rats provoked by toluene diisocyanate [63], which supports the hypothesis
that an antioxidative–prooxidative imbalance is one of the characteristic features of the inflammatory
process in lungs.

Summarizing, the present study demonstrated NT potency in modulating the inflammatory
response and airway hyperreactivity in a non-atopic asthma model. The effect of NT on leukocyte
accumulation, airway hyperreactivity and the TNF-α level was mediated through NTR1 receptors.
On the contrary, the lack of impact of SR 142948 on the beneficial effect of NT on pro-inflammatory
cytokine production and oxidative stress indicates that another receptor pathway might be involved in
the reaction. Further experiments investigating the detailed mechanism of NT ameliorative activity
are required.

4. Materials and Methods

4.1. Drugs and Reagents

Neurotensin (NT) and neurotensin antagonist SR 142948 were purchased from Tocris Bioscience
(Bristol, UK). 1-fluoro-2,4-dinitrobenzene (DNFB), dinitrobenzene sulfphonic acid (DNS), TX-100 and
protease inhibitor cocktail were obtained from Sigma-Aldrich (Poznań, Poland). Pentobarbital sodium,
ketamine and xylazine were acquired from Biowet (Puławy, Poland).

4.2. Animals and Hapten-Induced Experimental Asthma Model

Male BALB/c mice 7–8 weeks of age were obtained from the Animal House of Mossakowski
Medical Research Centre, Polish Academy of Sciences. All animal experiments were conducted in
accordance with the guidelines approved (15 April 2014) by the IV Warsaw Ethics Commission for the
Care and Use of Laboratory Animals (permit number: 15/2014).

On day 0, mice were sensitized dermally with 0.5% DNFB (dissolved in acetone and olive oil
(ratio 4:1) or vehicle control onto shaved thorax (50 μL) and on paws (50 μL on four paws). On day 1,
DNFB/vehicle was only applied to the thorax. On day 5, mice were challenged with 50 μL of 0.6%
DNS (dissolvable in water cognate hapten of DNFB) by intratracheal application. All procedures
were performed under light anesthesia using ketamine (70 mg/kg IM) and xylazine (10 mg/kg IM).
Twenty-four hours later, the airway responsiveness to methacholine exposure was measured. After
that, the mice were sacrificed by intraperitoneal injection of pentobarbital sodium (150–200 mg/kg).
Bronchoalveolar lavage fluid (BALF) and lung tissue were collected in order to perform further assays.
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4.3. Experimental Design

The study was performed in four experimental groups (n = 8 in each group):

I vehicle-sensitized, DNS-challenged mice treated with physiological saline (NaCl) as the negative
control (NC);

II DNFB-sensitized, DNS-challenged mice treated with NaCl as the positive control (PC);
III DNFB-sensitized, DNS-challenged mice treated with neurotensin alone (NT);
IV DNFB-sensitized, DNS-challenged mice pretreated with SR 142948 and treated with NT

(SR 142948 + NT).

The doses of NT and SR 142948 were 7.4 μmol/kg and 2.9 μmol/kg, respectively, and were
taken from previous studies [42,64]. Compounds were dissolved in NaCl (0.9%). All groups were
treated twice—two and eight hours after DNS challenge by the intraperitoneal administration of
equivalent volumes of 100 μL of NaCl (I, II), NT (III) or SR 142948 + NT (IV). The interval between the
administration of the antagonist and the NT in the last group was thirty minutes.

4.4. Airway Hyperresponsiveness

The measurements of bronchial hyperresponsiveness were performed in the murine whole
body plethysmograph chamber (Buxco Electronics, Inc., Wilmington, NC, USA) twenty-four hours
after the intratracheal DNS challenge. The animals were placed in the chamber and after ten
minutes of adaptation they were exposed to the NaCl aerosol control. Then, every twenty minutes,
increasing concentrations of methacholine (5, 10, 20 and 40 mg/mL) were administered. Airway
hyperresponsiveness was reflected by increasing values of enhanced pause (Penh), which were
recorded for three minutes after each nebulization.

4.5. Leukocyte Accumulation in BALF

After sacrificing each mouse, a cannula was placed into the trachea and four aliquots of the
phosphate buffered saline (PBS) solution were inserted and withdrawn (4 × 1 mL). The bronchoalveolar
lavages collected were centrifuged (1500 rpm, 10 min) in order to separate the BALF cells from the
supernatant. The cell pellet was then re-suspended in 150 μL of PBS. Türk reagent (100 μL) was added
to 50 μL of the suspension and the total number of inflammatory cells was determined using a Bürker
counting chamber. The remaining cell suspension was centrifuged with a cytocentrifuge (700 rpm
for 10 min, Thermo Shandon, Cambridge, UK). The microscopic slides obtained were left to dry and
then stained with a fast staining kit based on eosin and azure solutions (Hemastain, Analab, Warsaw,
Poland). The leukocyte differentiation was determined using a light microscope and by counting the
number of mononuclear cells and neutrophils per 500 consecutive cells in each sample. Results are
expressed as the number of cells per 1 mL of BALF.

4.6. Pro-Inflammatory Cytokine Production

The first 1 mL of BALF, containing the cocktail of protease inhibitors, was centrifuged (1500 rpm,
10 min) and the supernatant obtained was collected and stored at −80 ◦C. After collecting the BALF, the
lungs were isolated and also transferred to −80 ◦C. For further testing, the lungs were homogenized in
liquid nitrogen and suspended in 500 μL of PBS, with the addition of a protease inhibitor cocktail and
1% Triton X-100. The sample was then centrifuged (14,000 rpm, 10 min, 4 ◦C) and the supernatant
was used to analyze cytokine levels. Measurements of IL-13, TNF-α in BALF and IL-17A, IL-12p40
and RANTES in lung tissue homogenates were taken using the Bio-Plex Pro Mouse Cytokine panel
(Bio-Rad, Warsaw, Poland) with the Bio-Plex 200 platform (Luminex, Bio-Rad, Warsaw, Poland).
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4.7. The Level of Mouse Mast Cell Protease (MCPT 1)

The level of mouse mast cell protease (MCPT 1), a type of serine protease (β-chymase) stored and
secreted in a tissue-specific manner by mucosal mast cells, was determined in lung tissue homogenates
using the Mouse MCP-1 ELISA Ready-SET kit (eBioscience, San Diego, CA, USA) according to the
manufacturer’s guidelines.

4.8. Oxidative Stress Marker Production

Malondialdehyde (MDA) is a product of lipid peroxidation and a marker of oxidative stress.
Determination of MDA concentration in the lung tissue homogenates was performed by the ELISA
enzyme assay using a commercially available analysis kit (OxiSelect MDA, Cell Biolabs, Inc., San Diego,
CA, USA).

4.9. Lung Histology

Sections of lung tissue, 20 μm in thickness, were stained with eosin and hematoxylin
(Merck Millipore, Poland) and examined under a light microscope (Nikon, Japan). To assess the
severity of immune cell infiltration, peribronchial and perivascular cell counts were performed based
on the four-point scoring system (from 0 to 3). Briefly, the four-point scoring system described by
Tourney et al. [65] was: no inflammation detectable (0), occasional cuffing with inflammatory cells (1),
most bronchi or vessels surrounded by a thin ring (one to five cells) of inflammatory cells (2), most
bronchi or vessels surrounded by a thick layer (more than five cells) of inflammatory cells (3).

4.10. Statistical Analysis

The results are presented as mean ± standard error of mean (SEM). The concentration of MCPT 1,
MDA and pro-inflammatory cytokines in lung tissue homogenates is expressed per mg of total protein
in the sample. Statistical analysis was performed using a one-way ANOVA test with a Newman–Keuls
post-hoc test. The results were considered significant when the significance level of p was less than
0.05. Analyses were performed using the STATISTICA software 12 (StatSoft, Kraków, Poland).
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Abstract: We examined anti-inflammatory potency of hybrid peptide-PK20, composed of neurotensin
(NT) and endomorphin-2 (EM-2) pharmacophores in a murine model of non-atopic asthma induced by
skin sensitization with 2,4-dinitrofluorobenzene and intratracheal challenge of cognate hapten. Mice
received intraperitoneally PK20, equimolar mixture of its structural elements (MIX), dexamethasone
(DEX), or NaCl. Twenty-four hours following hapten challenge, the measurements of airway
responsiveness to methacholine were taken. Bronchoalveolar lavage (BALF) and lungs were collected
for further analyses. Treatment with PK20, similarly to dexamethasone, reduced infiltration of
inflammatory cells, concentration of mouse mast cell protease, IL-1β, IL-12p40, IL-17A, CXCL1,
RANTES in lungs and IL-1α, IL-2, IL-13, and TNF-α in BALF. Simple mixture of NT and EM-2
moieties was less potent. PK20, DEX, and MIX significantly decreased malondialdehyde level and
secretory phospholipase 2 activity in lungs. Intensity of NF-κB immunoreactivity was diminished
only after PK20 and DEX treatments. Neither PK20 nor mixture of its pharmacophores were as
effective as DEX in alleviating airway hyperresponsiveness. PK20 effectively inhibited hapten-induced
inflammation and mediator and signaling pathways in a manner seen with dexamethasone. Improved
anti-inflammatory potency of the hybrid over the mixture of its moieties shows its preponderance
and might pose a promising tool in modulating inflammation in asthma.

Keywords: airway inflammation; non-atopic asthma; hybrid peptide; pro-inflammatory cytokines;
sPLA2; MDA; NF-κB

1. Introduction

Asthma is a chronic disease characterized by airway inflammation, remodeling, and bronchial
hyperresponsiveness with usually reversible airflow limitation [1,2]. According to the Global Asthma
Report, the prevalence of asthma has increased lately, and over 334 million people worldwide have been
reported to be affected [3]. Treatment of both controlled and severe uncontrolled asthma patients poses
a substantial economic burden for developed and developing countries [4–6]. Inhaled bronchodilators
and corticosteroids are currently used to improve asthma condition. However, most of these medications
produce unwanted adverse effects, resistance with long-term use, and unresponsiveness [7,8].
The disease is also difficult to treat due to its heterogeneity and different phenotypes involving
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a multitude of inflammatory mediators [9]. Therefore, there is an urgent need to develop novel
anti-inflammatory therapies for the treatment of asthma.

In the last few years, a strong interest has been raised in hybrid compounds encompassing at least
two various biologically active fragments, which may simultaneously reach several targets [10–12].
One of the hybrid peptides, designated PK20, comprises modified endomorphin-2 (EM-2) and
neurotensin (NT) pharmacophores, and it has been shown previously as a highly potent analgesic,
as well as a neuroprotective agent [13,14]. Detailed information on the hybrid structure, amino acid
modification, and an improved stability can be found elsewhere [13,15]. Both elements of the ligand
seem to possess anti-inflammatory potency. NT attenuated oxidative stress and apoptosis in the
model of inflammatory bowel disease [16]. The latest study showed the ameliorating action of NT on
inflammatory processes and airway hyperreactivity in an experimental asthma model [17]. Likewise,
stimulation of opioid receptors resulted in the decrease of edema, plasma extravasation, immune
mediators’ level, and tissue damage in various inflammation models [18].

With respect to airways and their innervation, an excitation of opioid receptors by endomorphins
has been shown to inhibit cholinergic [19], non-cholinergic, and non-adrenergic bronchoconstriction [20]
and the release of pro-inflammatory sensory neuropeptides from capsaicin-sensitive nerves [21] and
tachykinergic airway smooth muscle constriction [20]. Therefore, we think that a new therapy with
PK20-hybrid comprising EM-2 and NT in the structure offers not only ant-inflammatory potency but
also promise of improved bronchodilator activity.

Considering the abovementioned, the aim of the present study was to evaluate the PK20-exerted
effects on airway hyperreactivity and inflammation in a mouse model of dinitrofluorobenzene
(DNFB) induced non-atopic asthma [22,23]. The effect of the tested hybrid was also compared with
glucocorticosteroid dexamethasone and with co-administration of simple mixture of EM-2 and NT (8–13)
pharmacophores. The latter was performed to see whether connection of two different elements into
one molecule provides further beneficial properties. For these purposes, bronchoalveolar lavage fluid
(BALF) and lung tissue were collected for biochemical, immunohistochemical, and histological analyses.

2. Results

2.1. Effect of PK20 on DNFB-Induced Inflammatory Cell Infiltration in BALF and Lung Tissue

Compared with vehicle-sensitized/DNS-challenged group (negative control; NC),
DNFB-sensitized/DNS-challenged (positive control; PC) mice showed in BALF a significant
increase in the infiltrate of total cells, which consisted of an augmented cell number of macrophages
(94%), neutrophils (5%), and lymphocytes (0.8%). The total cell number was significantly lowered
only in PK20 and dexamethasone (DEX) groups (Figure 1A). The neutrophil number was significantly
reduced in all three groups treated with PK20, mixture of its pharmacophores (MIX), and DEX
(Figure 1B). These changes were parallel to histological evaluation, which showed marked peribronchial
leukocyte accumulation in the PC group (Figure 1C). The inflammation score was significantly
attenuated in all treated groups; however, MIX mice showed significantly higher value in comparison
to the PK20 and DEX groups (Figure 1D).
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Figure 1. Effect of PK20 on the total number of inflammatory cells (A) and neutrophils (B) in BALF and
effect of PK20 on lung-tissue inflammatory cell infiltration; hematoxylin-and-eosin stained lung sections
(C) and inflammation score (D). Comparison to DNFB-sensitized/DNS-challenged group (positive
control; PC) and vehicle-sensitized/DNS-challenged group (negative control; NC) treated with NaCl
and to DNFB-sensitized/DNS-challenged groups treated with dexamethasone (DEX) and equimolar
mixture of hybrid’s structural elements (MIX). The pictures were made at magnification 10×. All values
are the mean ± SEM (n = 6–9 in BALF and n = 4 in histology study). ** p < 0.01, *** p < 0.001 vs. NC, #
p < 0.05, ## p < 0.01, ### p < 0.001 vs. PC, $$$ p < 0.001 vs. PK20 and DEX groups.

2.2. PK20 Reduces Airway Hyperresponsiveness (AHR)

To assess whether PK20 had a beneficial effect on AHR during an inflammatory response in lungs
in DNFB-induced asthma, we exposed mice to the increasing doses of methacholine (MCh) aerosol in
whole-body plethysmograph. Penh (enhanced pause) was measured in this noninvasive method at 24 h
post-challenge. DNFB-sensitized/DNS-challenged mice displayed increased Penh to growing doses
of MCh as compared to mice in the vehicle-sensitized/DNS-challenged group (Figure 2). Treatment
with the hybrid peptide PK20 and the mixture of its pharmacophores significantly reduced AHR in
DNFB-sensitized/DNS-challenged mice at 20 mg/mL of inhaled MCh. DEX-treated mice exhibited
lowered Penh at all higher doses of MCh in comparison to the PC group (Figure 2).
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Figure 2. Effect of PK20 on the development of airway hyperreactivity in non-atopic asthma model. Penh
responses to increasing concentrations of aerosolized methacholine in DNFB-sensitized/DNS-challenged
group (positive control; PC) and vehicle-sensitized/DNS-challenged group (negative control; NC)
treated with NaCl and in DNFB-sensitized/DNS-challenged groups treated with PK20, dexamethasone
(DEX), and equimolar mixture of hybrid’s structural elements (MIX). All values are the mean ± SEM
(n = 7–8). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. corresponding NC group. # p < 0.05, ## p < 0.01, vs.
corresponding PC group and $ p < 0.05, $$ p < 0.01 vs. corresponding DEX group.

2.3. Effect of PK20 on DNFB-Induced Pro-Inflammatory Cytokine and Chemokine Production

Measurement of pro-inflammatory cytokine content was performed 24 h after intratracheal DNS
challenge in BALF and lung homogenates of DNFB or vehicle-sensitized mice, to determine whether
treatment with PK20 is able to influence their production. The levels of IL-1α, IL-2, IL-13, and TNF-α
were significantly increased in BALF of DNFB-sensitized/DNS-challenged mice (PC) compared to
NC group (Figure 3). The levels of all cytokines were significantly decreased after PK20 and DEX
treatment, whereas the co-administration of PK20′s opioid- and NT-like pharmacophores resulted in
decreased content of IL-2, solely (Figure 3B).

In lung homogenates PK20 and DEX in similar degree reduced levels of IL-1β, IL-17A, IL-12p40,
CXCL1 (KC), and RANTES in comparison to the PC group (Figure 4). Treatment with the mixture of
PK20 pharmacophores was effective only in decreasing content of IL-12p40 and RANTES (Figure 4D,E).
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Figure 3. Concentration of pro-inflammatory cytokines in BALF: IL-1α (A), IL-2 (B), IL-13 (C), and TNF-α
(D) in DNFB-sensitized/DNS-challenged mice after treatment with PK20, mixture of its structural
elements (MIX), and dexamethasone (DEX). Comparison to DNFB-sensitized/DNS-challenged (positive
control; PC) and vehicle-sensitized/DNS-challenged group (negative control; NC) treated with NaCl.
All values are the mean ± SEM (n = 5–9). * p < 0.05, ** p < 0.01, *** p < 0.001 compared with NC group, #
p < 0.05, ## p < 0.01, ### p < 0.001 compared with the PC group, $ p < 0.001 vs. PK20 and DEX groups.
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Figure 4. Concentration of pro-inflammatory cytokines in lung-tissue homogenates: IL-1β (A), IL-17A
(B), IL-12p40 (C), KC (D), and RANTES (E) in DNFB-sensitized/DNS-challenged mice after treatment
with PK20, mixture of its structural elements (MIX), and dexamethasone (DEX). Comparison to
DNFB-sensitized/DNS-challenged (positive control; PC) and vehicle-sensitized/DNS-challenged group
(negative control; NC) treated with NaCl. All values are the mean ± SEM (n = 5–7). ** p < 0.01, *** p < 0.001
compared with NC group. # p < 0.05, ### p < 0.001 compared with the PC group; $ p < 0.05 vs. DEX.

2.4. Effect of PK20 Treatment on Mouse Mast Cell Protease (MCPT 1) Level in Lungs

DNFB-sensitized/DNS-challenged mice exhibited a significantly higher level of MCPT 1 in lung
tissue compared with vehicle-sensitized/DNS-challenged ones. Only PK20 and DEX treatments were
effective in lowering the content of mast cell MCPT 1 (Figure 5A).

2.5. Effect of PK20 Treatment on Malondialdehyde Level (MDA) in Lungs

Sensitization and challenge with DNFB/DNS showed a statistically significant enhancement in
MDA production compared with NC mice (Figure 5B). The content of an oxidative stress marker was
significantly reduced in all treated groups (PK20, MIX, and DEX) and similar to the level present in NC
mice (Figure 5B).
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2.6. Effect of PK20 Treatment on Activity of Secreted Phospholipase A2 (sPLA2) in Lungs

sPLA2 activity was significantly reduced in lungs of PK20-, MIX-, and DEX-treated groups compared
to PC mice. The levels were comparable to the sPLA2 activity in vehicle-sensitized/DNS-challenged
negative controls (Figure 5C).

2.7. Effect of PK20 Treatment on Albumin Concentration in BALF

Albumin concentration expressed in mg of total protein assessing pulmonary vascular leakage
was significantly enhanced in PC mice compared to negative controls. The values were significantly
lowered in PK20-, MIX-, and DEX-injected animals (Figure 5D).

Figure 5. Concentration of (A) mouse mast cell protease-1 (MCPT 1), (B) malondialdehyde (MDA),
and (C) activity of secreted phospholipase A2 (sPLA2) in lung-tissue homogenates and (D) level of
albumins in BALF of DNFB-sensitized/DNS-challenged mice after treatment with PK20, mixture of its
structural elements (MIX), and dexamethasone (DEX). Comparison to DNFB-sensitized/DNS-challenged
(positive control; PC) and vehicle-sensitized/DNS-challenged group (negative control; NC) treated
with NaCl. All values are the mean ± SEM (n = 5–8). * p < 0.05, ** p < 0.01 compared with NC group.
# p < 0.05, ## p < 0.01 compared with the PC group.

2.8. Effect of PK20 on Lung Nuclear Factor Kappa B (NF-κB) Immunohistochemistry

Challenge of DNS into airways of DNFB-sensitized mice significantly increased
immunofluorescence signal for NF-κB in comparison to the vehicle-sensitized NC group (Figure 6A).
In contrary to MIX, PK20 and DEX treatment apparently blunted the signal, which indicates that
the NF-κB signaling pathway may be involved in the anti-inflammatory activity of both chemicals
(Figure 6A–C). Note the massive enlargement of the pulmonary interalveolar septa in the mice from
MIX and PC groups and more intensive lung NF-κB p50 and p65 staining in comparison to negative
control, PK20-, and DEX-treated animals. This significantly increased NF-κB p50 and p65 expression
most probably resulted in augmented inflammatory response present in PC and MIX animals.
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Figure 6. Effect of PK20 on NF-κB expression in DNFB-induced asthma in mice. Immunofluorescent
double labeling of NF-κB p50 (green) and NF-κB p65 (red) subunits and Hoechst stain of
the nuclei in lung sections from each treatment group was performed (A). The intensity of
immunostaining was measured in grey scale and presented on panel (B) (p50) and (C) (p65).
The treatment groups are: vehicle-sensitized/DNS-challenged group (negative control; NC) treated
with NaCl; DNFB-sensitized/DNS-challenged group treated with NaCl (positive control; PC); and
DNFB-sensitized/DNS-challenged groups treated with PK20, dexamethasone (DEX) and equimolar
mixture of hybrid’s structural elements (MIX). All values are mean ± SEM (n = 4). *** p < 0.001 vs.
corresponding NC group, ### p < 0.001 vs. corresponding PC group and $$$ p < 0.001 vs. corresponding
PK20 and DEX groups.

3. Discussion

In the murine model of non-atopic asthma, we demonstrated that the hybrid peptide engineered
from pharmacophores of NT- and EM-2-based analogs may serve as a potent anti-inflammatory agent
affecting a number of inflammation markers, and its potency is comparable to the effects mediated
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by the dexamethasone. However, glucocorticosteroid showed a stronger impact on attenuation of
airway hyperreactivity. Through the comparison of the effects of chimera with simple equimolar
mixture of its structural elements, we also confirmed the hypothesis that two drugs combined into one
entity may be characterized by improved therapeutic activity. Indeed, PK20 treatment occurred to
be more effective in substantial reduction of inflammatory cell influx, including neutrophils, typical
cells for nonallergic asthma [22,24]. Reduced inflammatory cell influx was associated with diminished
production of pro-inflammatory cytokines and chemokines in BALF and lung tissue. These effects
were comparable to DEX, and better than MIX treatment, in which a decrease of only IL-2, IL-12p40,
and RANTES was noted.

Reduction of IL-1β, TNF-α, IL-17A, and CXCL1 (KC) was parallel to PK20 evoked attenuation of
macrophage and neutrophil infiltrate. Cytokines, such as TNF-α and IL-1β, augmented in sputum and
BALF of asthmatics, are well-known for their role in amplifying inflammation [25] and promoting
neutrophil chemotaxis [26–28]. Potency of IL-1β in eliciting neutrophil accumulation in rat BALF was
shown after intratracheal interleukin administration, and this was concomitant with an increased
airway responsiveness to bradykinin stimuli [29]. Importance of both IL-1 cytokines, IL-1β and
IL-1α, in AHR and recruitment of inflammatory cells to the lung was evidenced after blockade with
neutralizing antibodies, resulting in attenuated phenotype of murine model of asthma [30].

Contribution of TNF-α to airway hyperreactivity and airway inflammation mediated by
neutrophils was demonstrated previously in normal subjects and ovalbumin and DNFB-sensitized
mice [22,31,32]. Elevated levels of IL-17A displayed in sputum of asthmatics were correlated not only
with neutrophilia, but also with an airway hyperresponsiveness provoked with methacholine [33].
Further reports supported the role of IL-17A in a neutrophil- and macrophage-mediated
inflammation [34,35], appearing also in our asthma model. Likewise, chemokines CXCL1 and
RANTES, decreased due to the hybrid administration, have been described to be potent neutrophil
chemoattractant [36–38]. Cytokines such as IL-2, IL-12p40, and IL-13 increased in the present study and
reduced by the hybrid are documented to be important mediators of asthma. IL-2 was elevated in BALF
of nonallergic asthma patients [39]; moreover, expression of IL-2 mRNA was enhanced in infiltrated
BALF cells in steroid-resistant asthmatics [40]. IL-12p40 overexpression in airway epithelial cells in
asthma patients was linked with airway macrophages accumulation [41]. IL-13 is a pro-inflammatory
interleukin in asthma [42], which, similarly to our study, was increased in BALF in the allergic model
and reduced after treatment with dexamethasone [43]. IL-13 is thought to be the type 2 cytokine and key
mediator of allergic asthma, yet it is considered to act via the pathway independent of immunoglobulin
E and eosinophils [44]. Elevated mRNA encoding IL-13 has been reported in the bronchial mucosa of
atopic and non-atopic asthmatics [45].

Oxidative stress and overproduction of reactive oxygen species (ROS) associated with augmented
inflammatory response has been displayed in human asthma and experimental models [46]. In the
present study, we showed that DNFB sensitization enhanced the level of MDA production, which was
remarkably reduced by the treatment with PK20, DEX, and a mixture of pharmacophores. This was
linked with a decreased number of recruited cells in BALF, which in turn are responsible for
ROS production [47,48] and with the lessened levels of IL-1, RANTES and TNF-α, which are
reported to enhance ROS generation [49–51]. Furthermore, augmented oxidative stress and increased
release of pro-inflammatory cytokines are known to activate secreted phospholipase A2 (sPLA2),
enzyme-regulating eicosanoid synthesis, airway inflammation, and AHR in asthma [52]. Secreted
PLA2 group X was demonstrated to be overexpressed in airway epithelial cells and macrophages
of asthmatics [53,54]. Further, it was evidenced that sPLA2 increase can be provoked with allergen
inhalation in humans and mice [55]. In fact, sPLA2 activity was increased in our positive control
group and reduced by pretreatment with all tested compounds. TNF-α, IL-1β, IL-17A, and IL-13 are
cytokines, which decrease in PK20 and DEX groups is correlated with sPLA2 activity reduction. All of
them are implicated in asthma and has been demonstrated to upregulate sPLA2 [54].
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Oxidative stress is known to activate NF-κB, which is a pleiotropic transcription factor
considered to be a critical signal in evoking an inflammatory response in the lung during the
pathogenesis of asthma [56,57]. Pro-inflammatory stimuli enhance expression of genes encoding
inflammatory mediators, such as cytokines and chemokines, important in the recruitment of
inflammatory cells. Consistently in the current study, NF-κB immunoreactivity was increased
in the DNFB-sensitized/DNS-challenged group, yet in DEX- and PK20- treated mice, it was significantly
reduced in contrary to the MIX group. Dexamethasone’s potency in inhibiting NF-κB immunoreactivity
was also reported previously [43]. PK20-induced suppression of NF-κB was consistent with reduced
oxidative stress and decreased expression of NF-κB-mediated pro-inflammatory cytokines and
chemokines, which contribute to attenuated recruitment of inflammatory cells. All of these findings
suggest that the NF-κB signaling pathway might be involved in the alleviating effect of the hybrid on
hapten-induced asthma. The limitation of our study is that we measured NF-κB expression by only
using immunohistochemistry; therefore, further experiments investigating NF-κB activation, that is,
the levels of phosphorylated units and nuclear translocation, via Western blot are needed.

An important possibility of testing our hybrid compound and its effect on the signaling pathways
involved in airway inflammation and hyperresponsiveness, such as TNF-α/IL-13, NF-κB, MAPK, c-fos,
and c-jun seems to be in vitro airway organ culture targeted in the earlier studies [58,59], which can be
considered in our future research.

A consistent finding of our study was improved lung vascular integrity produced with all
compared substances, evidenced by decreased albumins in BALF. This might be associated with
decreased migration of leukocytes, such as neutrophils and monocytes, to the lungs, evidenced in our
study and reported previously to contribute to increased lung permeability [60,61]. Another marker of
inflammation attenuated by PK20 and DEX in the present study was mouse mast cell protease (MCPT
1), biomarker of mast cell degranulation. The key role of mast cells in the development of non-atopic
asthma induced with DNFB has been previously evidenced [62]. Their contribution to neutrophil
recruitment through TNF-α was also displayed in delayed-type hypersensitivity reaction evoked with
cognate hapten by Biedermann et al. [63].

In the current study, we also examined airway responsiveness to methacholine inhalation,
measured by whole-body plethysmography. Validity of Penh is still under debate, as it is considered
to reflect pattern of breathing rather than lung mechanics [64]. However, data published by different
groups have displayed similar changes in Penh and lung resistance measured invasively [64–67].
Although Penh is affected by airway resistance only to some extent [68], we do think that this
noninvasive measurement has some value in depicting airway responsiveness, at least for screening
purposes. More important, substantial increases in Penh in reaction to methacholine appeared only
in DNFB-sensitized/DNS-challenged mice in contrast to vehicle-sensitized/DNS-challenged ones.
Dexamethasone treatment effectively reduced Penh to all doses of methacholine in comparison to
positive controls. The chimeric peptide, as well as the mixture of its structural elements, achieved
significant reduction solely at a dose of 20 mg/mL, and it was not as effective as DEX. One would
expect that similar reduction of several markers of inflammation described above, such as BALF cell
influx, cytokine, MDA, and sPLA2 activity, should translate into decreased AHR. However, it is known
that there is no consistent relationship between airway hyperresponsiveness to bronchoconstrictor
agents and inflammation [69,70]. Furthermore, Tränkner et al. [71] showed that hyperreactive
bronchoconstriction can be completely dissociated from the inflammatory immune response and
ablated after silencing of the vagal sensory neurons, expressing transient receptor potential vanilloid
1 (TRPV1) ion channel. It seems that PK20’s being potent in suppressing inflammation is able only
partially to control airway hyperresponsiveness.

It is assumed that hybrid can exert its anti-inflammatory action via opioid receptors expressed by
cells associated with inflammation, such as macrophages, mast cells, and fibroblasts [72]. Endomorphins
and opioid receptors have been localized within airway smooth muscles, nerves, epithelium, and mucus
glands [20]. In the respiratory system, they have been described as potent inhibitors of tachykinergic
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and cholinergic constriction, neurogenic mucus secretion, and goblet cells secretion [20,73]. In the
review by Stein and Kuchler [18], reduction of edema, plasma extravasation, cytokine release, and tissue
damage evoked by opioid-receptor activation were described in various models of inflammation.
When it comes to neurotensin, its anti-inflammatory activity is far from clear. In fact, based on several
studies, this neuropeptide is indicated to stimulate mast cell degranulation [74], neutrophil adherence
to bronchial epithelial cells [75], and genetically modified mice deprived of production of NT had
attenuated inflammatory response [76]. On the other hand, NT-treated animals in the model of
inflammatory bowel disease showed a protective effect on the intestines related to anti-inflammatory,
antioxidant, and anti-apoptotic actions [16]. The latest study showed that NT is a potent downregulator
of inflammatory and hyperreactivity response in the nonallergic asthma model [17]. We should keep in
mind that the activity exerted by the chimeric peptide PK20, used in our study, cannot be considered as
a simple conjunction of activities appropriate to its parent peptides or, more precisely, pharmacophores.
Hybridization of two modified structures either of EM-2 or NT (8–13) into one molecule may bring
new and diverging physical and chemical properties. In the present study, we showed beneficial effect
of PK20 on many markers of inflammation characteristic for asthma, such as attenuated production
of MDA and cytokines, reduced activity of sPLA2 and expression of NF-κB, and diminished level
of MCPT 1. We also made a comparison between beneficial effects of PK20 and a mixture of its
moieties, as still multicomponent drugs and/or polypharmacy play a leading role in patients’ treatment,
though it is associated with adverse outcomes and drug reactions. Our experiments revealed that
PK20 predominates in reduction of majority of examined markers of inflammation, which may be
explained by its improved stability, bioavailability, and possibly new properties, which resulted in
better anti-inflammatory activity.

Overall, the present study demonstrated that chimeric peptide-PK20 attenuated DNFB induced
upregulation of asthma symptoms possibly via suppression of sPLA2 and NF-κB pathways. Improved
anti-inflammatory potency of the hybrid shows the advantage of application of innovative chimeric
compounds over the simple mixture of its moieties.

4. Materials and Methods

4.1. Drugs and Reagents

PK20 (H–Dmt–D–Lys–Phe–Phe–Lys–Lys–Pro–Phe–Tle–Leu–OH) was synthesized by using
solid-phase peptide synthesis according to the method of Merrifield with Fmoc approach [77] in the
Department of Neuropeptides. Chemicals and reagents were purchased from commercial companies:
1-fluoro-2, 4-dinitrobenzene (DNFB, No. 556971), dexamethasone (No. D4902), dinitrobenzene sulfonic
acid (DNS, No. D1529), protease inhibitor cocktail (No. S8830), and TX-100 (No. X100) were obtained
from Sigma-Aldrich (Poznań, Poland). Ketamine, xylazine, and pentobarbital sodium were purchased
from Biowet (Puławy, Poland).

4.2. Animals

Animals were obtained from the Animal House of Mossakowski Medical Research Centre, Polish
Academy of Sciences. Male Balb/c mice of 7–8 weeks of age were used. Animal procedures were
performed in accordance with institutional guidelines accepted by the IV Warsaw Ethics Commission
for the Care and Use of Laboratory Animals for Experimental Procedures (permit number: 57/2014, date
of approval: 16 January 2015). Procedures were conformed to guidelines published in the European
directive 2010/63/EU on the protection of animals used for scientific purposes.

4.3. DNFB-Induced Experimental Asthma

On day 1, mice were epicutaneously sensitized with either 0.5% DNFB dissolved in acetone and
olive oil (4:1) or vehicle control onto shaved abdominal skin (50 μL) and paws (50 μL divided on
four paws). On the next day, DNFB/vehicle was applied to the thorax alone. On day 6, mice were
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challenged intratracheally with 50 μL of DNS (0.6%), water soluble hapten of DNFB. The sensitization
and hapten challenge were performed under intramuscular anesthesia: ketamine (70 mg/kg) and
xylazine (10mg/kg). Twenty-four hours from the challenge airway hyperresponsiveness to nebulized
methacholine was measured. Afterward, the mice were sacrificed with an overdose of pentobarbital
sodium (150–200 mg/kg IP) and bronchoalveolar lavage fluid (BALF), and lungs were collected for
histology and further analyses.

4.4. Experimental Groups

The experimental mice were randomly assigned into following groups: —treated
with 0.9% NaCl, vehicle-sensitized/DNS-challenged, negative control (NC); —treated
with NaCl, DNFB-sensitized/DNS-challenged, positive control (PC); —PK20 treated,
DNFB-sensitized/DNS-challenged (PK20); —treated with mixture of PK20 structural pharmacophores,
DNFB-sensitized/DNS-challenged (MIX); —dexamethasone treated, DNFB-sensitized/DNS-challenged
(DEX). The dose of PK20 (10 mg/kg i.p.) was selected on the basis of an analgesic study performed by
Kleczkowska et al. [13] and our neurotensin-based study [17]. PK20 applied via IP route of injection was
previously shown to be safe, without visible adverse side effects [78]. PK20 prepared freshly from powder,
(dissolved in NaCl) was administered twice (2 and 8 h after DNS challenge) in volumes of 100 μL. All
groups received equivalent volumes and route of injection: NaCl—control groups (NC, PC), equimolar
amount of mixture of NT and EM-2 pharmacophores—MIX group, and 4 mg/kg of dexamethasone
received DEX group (all chemicals were dissolved in NaCl).

4.5. Measurement of Airway Hyperresponsiveness

Airway hyperresponsiveness to nebulized methacholine (MCh, No. A2251) was measured 24 h
after DNS challenge by a whole-body barometric plethysmography (Buxco Electronics, Inc., Wilmington,
NC, USA). Mice were put in the plethysmograph chamber for 10 min to adaptation. After stabilization,
they were exposed to aerosolized saline as a control and every 20 min to increasing doses of nebulized
methacholine for 30 s each (5, 10, 20, and 40 mg/mL). The enhanced pause (Penh) was recorded and
averaged over 3 min, following each nebulization, and used as an index of airway reactivity.

4.6. Total and Differential Cell Counts in Bronchoalveolar Lavage Fluid

After sacrificing the animals, the trachea of each mouse was cannulated. Bronchoalveolar lavages
were carried out by injecting and withdrawing via a cannula 4× 1 mL of phosphate buffered saline (PBS).
The first 1 mL contained protease inhibitor cocktail. Collected lavages were centrifuged (1500 rpm,
10 min) to isolate BALF cells and to remove supernatant. Supernatant from the first 1 mL was frozen
and used for further analysis. Sediments of the fourth lavages were pooled and re-suspended by
150 μL of PBS. Total cells were counted by using a Bürker-Türk chamber. Remaining cell suspensions
were cytocentrifuged (Thermo Shandon, Cambridge, UK) at 700 rpm for 10 min onto microscopic
slides. Air-dried preparations were fixed and stained with a fast-staining kit based on eosin and azure
solutions (No. AB123H, Hemastain, Analab, Warsaw, Poland), in order to differentiate morphologically
the leukocyte population. Differential cell count on at least 500 cells from each sample was performed
under light microscope. Results are expressed as the number of mononuclear cells (macrophages and
leukocytes) and neutrophils per 1 mL of BALF.

4.7. Cytokine and Chemokine Quantification

Immediately after BALF collection, the lungs were removed and cleaned. Lungs and first 1 mL
of BALF containing protease inhibitor cocktail were frozen in liquid nitrogen and stored at −80 ◦C.
For further analysis, lungs were homogenized under liquid nitrogen and taken up in 500 μL of PBS
with protease inhibitor cocktail and 1% of TX-100. Homogenates were centrifuged (14,000 rpm, 10 min,
4 ◦C), and the supernatants were used for cytokines measurement. Measurement of IL-1α, IL-2, IL-13,
TNF-α, IL-1β, IL-12p40, IL-17A, CXCL1 (KC), and RANTES in BALF and lung homogenates was
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performed by using a Bio-Plex pro mouse cytokine panel for inflammatory cytokines (No. M60009
RDPD, Bio-Rad, Warsaw, Poland) according to the manufacturer’s protocol. Beads were analyzed at a
Bio-Plex 200 Platform (Luminex, Bio-Rad, Warsaw, Poland).

4.8. Measurement of Oxidative Stress (Malondialdehyde Level) in Lung Tissue

Malondialdehyde (MDA), aldehydic secondary product of lipid peroxidation, is a marker of
oxidative stress. The determination of MDA concentration was performed in supernatants from lung
tissue, using a commercially available kit (No. STA-832, OxiSelect™ MDA, Cell Biolabs, Inc., San
Diego, CA, USA).

4.9. Measurement of Mouse Mast Cell Protease Level (MCPT 1) in Lung Tissue

A commercially available enzyme-linked immunosorbent assay—the Mouse MCP-1 ELISA
Ready-SET kit (No. 88-7503, eBioscience, San Diego, CA, USA) was used for the quantification of
MCPT 1 in lung-tissue supernatants.

4.10. Measurement of Secretory Phospholipase 2 (PLA2) Activity

The sPLA2 activity was measured in the lung supernatant by using a sPLA2 kit (No. 765001,
Caymann Chemicals, Ann Arbor, MI, USA) according to the manufacturer’s instructions and expressed
in μmol/min/mg. The enzyme activity was read for 10 min at 414 nm, using an ELISA plate reader.

4.11. Determination of Total Protein and Albumin Concentration

Total protein assay was performed in lung supernatants and BALF with protein assay kit
(No. 500-0006, Bio-Rad, Warsaw, Poland). Albumin levels were measured in collected BALF with a
murine-specific albumin ELISA kit (No. E99-134, Bethyl Laboratories, Montgomery, TX, USA). All the
measurements were performed according to the manufacturer’s instructions. The sPLA2 activity and
the content of cytokines, MDA, and MCPT 1 in lungs and albumins in BALF were expressed in units of
weight per mg of total protein.

4.12. Lung Histology

The lungs were fixed for 7 days in the 4% paraformaldehyde in 0.1 M phosphate buffer at 4 ◦C.
Afterward, the tissue was immersed in 20% (w/v) sucrose solutions in PBS and cut with a cryostat
(CM 1850 UV, Leica, Germany) on 20 μm thick glass-mounted sections. After staining with eosin
(No. 1.09844) and hematoxylin (No. 1.50174, Merck Millipore, Warsaw, Poland), they were examined
under a light microscope (Olympus, Japan). To assess the severity of the immune cells’ infiltration,
peribronchial and perivascular cell counts were performed based on the 4-point score system described
in detail by Tournoy et al. [79], where higher scores designated more severe inflammation (more
inflammatory cell rings around bronchi or vessels).

4.13. NF-κB Immunohistochemistry

The studied lung sections, prepared as described in Section 4.12, were subjected to double labeling
for NF-κB p50 and NF-κB p65 peptides. After preincubation with 3% normal goat serum solution
in PBS with 0.2% Triton X-100 (PBST), the samples were subsequently incubated for 1 h at 37 ◦C
with PBST containing 1% normal goat serum and primary antibodies (Abs): murine monoclonal
Ab against NF-κB p65 (No. sc-8008, Santa Cruz Biotechnology, Dallas, TX, USA, dil. 1:300) and
rabbit polyclonal Ab against NF-κB p50 (No. sc-114, Santa Cruz Biotechnology, Dallas, TX, USA, dil.
1:3400). Next, the sections were washed three times in PBS and incubated for 1 h at 37 ◦C, with a
mixture of the fluorescent dye-conjugated secondary antibodies: goat anti-mouse Alexa Fluor 594 (No.
A11020, Invitrogen-Molecular Probes; dil. 1:100) and goat anti-rabbit Alexa Fluor 488 (No. A11070,
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Invitrogen-Molecular Probes; dil. 1:100). In the next stage, the samples were washed three times with
PBS and dried.

Immunolabelled sections were washed in PBS and incubated in 1 μg/mL of PBS solution of
Hoechst stain (bisbenzimide dye, No. 33258, Sigma-Aldrich, Poznań, Poland) for 2 min, at room
temperature. The stain was then drained off and cover-slipped with Vectashield Mounting Medium
for fluorescence microscopy (No. H1000, Vector Laboratories, Inc., Burlingame, CA, USA). Finally,
the sections were analyzed with a fluorescent microscope (Nikon, Japan) and photographed with a
CCD camera (Nikon, Japan). The specialist who assessed the material was blinded to the identity of
the samples. Specificity of the immunolabelling was verified by performing a negative control staining
procedure, in which the primary antibodies were omitted in the incubation mixture. The intensity
of p65, as well as p50 immunostaining, was measured as an optical density (OD) level in grayscale
values (8-bit scale), using Scion computer software (NIH, Frederick, MD, USA). Analysis was carried
on within the lung sections framed by microscopic observation field. Three frames of alveolar septum
per section and three sections per each mouse from all investigated groups were analyzed. Background
staining was sampled on each frame individually and was detracted from the values of the cellular
staining. For statistical analysis, the average gray-level value from all the measured sections of each
mouse from all investigated groups was used.

4.14. Statistical Analysis

Data were presented as means ± standard error of mean (SEM). Differences between the mean
values of the normally distributed data were assessed by using one-way analysis of variance (ANOVA;
Newman–Keuls post hoc test) and Student’s t-test. The p-values less than 0.05 were considered to be
statistically significant. All data manipulations and statistical analysis were conducted by the usage of
STATISTICA 12 (StatSoft, Kraków, Poland).
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24. Russjan, E.; Kaczyńska, K. Murine models of hapten-induced asthma. Toxicology 2018, 410, 41–48. [CrossRef]
[PubMed]

25. Barnes, P.J. The cytokine network in asthma and chronic obstructive pulmonary disease. J. Clin. Investig.
2008, 118, 3546–3556. [CrossRef] [PubMed]

26. Smart, S.J.; Casale, T.B. Pulmonary epithelial cells facilitate TNF-alpha-induced neutrophil chemotaxis. A role
for cytokine networking. J. Immunol. 1994, 152, 4087–4094.

27. Joosten, L.A.; Netea, M.G.; Dinarello, C.A. Interleukin-1β in innate inflammation, autophagy and immunity.
Semin. Immunol. 2013, 25, 416–424. [CrossRef]

28. Nabe, T. Tumor necrosis factor alpha-mediated asthma? Int. Arch. Allergy Immunol. 2013, 160, 111–113.
[CrossRef]

73



Int. J. Mol. Sci. 2019, 20, 5935

29. Tsukagoshi, H.; Sakamoto, T.; Xu, W.; Barnes, P.; Chung, F. Effect of interleukin-1 on airway
hyperresponsiveness and inflammation in sensitized and nonsensitized Brown-Norway rats. J. Allergy Clin.
Immunol. 1994, 93, 464–469. [CrossRef]

30. Johnson, V.J.; Yucesoy, B.; Luster, M.I. Prevention of IL-1 signaling attenuates airway hyperresponsiveness
and inflammation in a murine model of toluene diisocyanate–induced asthma. J. Allergy Clin. Immunol. 2005,
116, 851–858. [CrossRef]

31. Kips, J.C.; Tavernier, J.H.; Joos, G.F.; Peleman, R.A.; Pauwels, R.A. The potential role of tumor necrosis factor
α in asthma. Clin. Exp. Allergy 1993, 23, 247–250. [CrossRef]

32. Kim, H.K.; Lee, C.H.; Kim, J.M.; Ayush, O.; Im, S.Y.; Lee, H.K. Biphasic late airway hyperresponsiveness in a
murine model of asthma. Int. Arch. Allergy Immunol. 2012, 160, 173–183. [CrossRef] [PubMed]

33. Barczyk, A.; Pierzchala, W.; Sozanska, E. Interleukin-17 in sputum correlates with airway hyperresponsiveness
to methacholine. Respir. Med. 2003, 97, 726–733. [CrossRef] [PubMed]

34. Newcomb, D.C.; Peebles, R.S. Th17-mediated inflammation in asthma. Curr. Opin. Immunol. 2013, 25,
755–760. [CrossRef] [PubMed]

35. Alcorn, J.F.; Crowe, C.R.; Kolls, J.K. Th17 cells in asthma and COPD. Annu. Rev. Physiol. 2010, 72, 495–516.
[CrossRef] [PubMed]

36. Sawant, K.V.; Poluri, K.M.; Dutta, A.K.; Sepuru, K.M.; Troshkina, A.; Garofalo, R.P.; Rajarathnam, K.
Chemokine CXCL1 mediated neutrophil recruitment: Role of glycosaminoglycan interactions. Sci. Rep.
2016, 6, 33123. [CrossRef]

37. Rajarathnam, K.; Schnoor, M.; Richardson, R.M.; Rajagopal, S. How do chemokines navigate neutrophils to
the target site: Dissecting the structural mechanisms and signaling pathways. Cell. Signal. 2019, 54, 69–80.
[CrossRef]

38. Pan, Z.Z.; Parkyn, L.; Ray, A.; Ray, P. Inducible lung-specific expression of RANTES: Preferential recruitment
of neutrophils. Am. J. Physiol. Lung Cell. Mol. Physiol. 2000, 279, 658–666. [CrossRef]

39. Walker, C.; Bode, E.; Boer, L.; Hansel, T.T.; Blaser, K.; Virchow, J. Allergic and nonallergic asthmatics have
distinct patterns of T-cell activation and cytokine production in peripheral blood and bronchoalveolar lavage.
Am. Rev. Repir. Dis. 1992, 146, 109–115. [CrossRef]

40. Leung, D.Y.; Martin, R.J.; Szefler, S.J.; Sher, E.R.; Ying, S.; Kay, A.B.; Hamid, Q. Dysregulation of interleukin-4,
interleukin-5 and interferon-γ gene expression in steroid resistant asthma. J. Exp. Med. 1995, 181, 33–40.
[CrossRef]

41. Walter, M.J.; Kajiwara, N.; Karanja, P.; Castro, M.; Holtzman, M.J. Interleukin 12p40 production by barrier
epithelialc cells during airway inflammation. J. Exp. Med. 2001, 193, 339–351. [CrossRef]

42. Grünig, G.; Warnock, M.; Wakil, A.E.; Venkayya, R.; Brombacher, F.; Rennick, D.M.; Sheppard, D.; Mohrs, M.;
Donaldson, D.D.; Locksley, R.M.; et al. Requirement for IL-13 independently of IL-4 in experimental asthma.
Science 1998, 282, 2261–2263. [CrossRef] [PubMed]

43. Nader, M.A. Inhibition of airway inflammation and remodeling by sitagliptin in murine chronic asthma.
Int. Immunopharmacol. 2015, 29, 761–769. [CrossRef] [PubMed]

44. Wills-Karp, M.; Luyimbazi, J.; Xu, X.; Schofield, B.; Neben, T.Y.; Karp, C.L.; Donaldson, D.D. Interleukin-13:
Central mediator of allergic asthma. Science 1998, 282, 2258–2261. [CrossRef] [PubMed]

45. Humbert, M.; Dursham, S.R.; Kimmitt, P.; Powell, N.; Assoufi, B.; Pfister, R.; Menz, G.; Kay, A.B.; Corrigan, C.J.
Elevated expression of messenger ribonucleic acid encoding IL-13 in the bronchial mucosa of atopic and
nonatopic subjects with asthma. J. Allergy Clin. Immunol. 1997, 99, 657–665. [CrossRef]

46. Zuo, L.; Otenbaker, N.P.; Rose, B.A.; Salisbury, K.S. Molecular mechanisms of reactive oxygen species-related
pulmonary inflammation and asthma. Mol. Immunol. 2013, 56, 57–63. [CrossRef] [PubMed]

47. Marcal, L.E.; Rehder, J.; Newburger, P.E.; Condino-Neto, A. Superoxide release and cellular gluthatione
peroxidase activity in leukocytes from children with persistent asthma. Braz. J. Med. Biol. Res. 2004, 37,
1607–1613. [CrossRef] [PubMed]

48. Nadeem, A.; Siddiqui, N.; Alharbi, N.O.; Alharbi, M.M. Airway and systemic oxidant-antioxidant
dysregulation in asthma: A possible scenario of oxidants spill over from lung into blood. Pulm. Pharmacol.
Ther. 2014, 29, 31–40. [CrossRef]

49. Joseph, B.Z.; Routes, J.M.; Borish, L. Activities of superoxide dismutases and NADPH oxidase in neutrophils
obtained from asthmatic and normal donors. Inflammation 1993, 17, 361–370. [CrossRef]

74



Int. J. Mol. Sci. 2019, 20, 5935

50. Chihara, J.; Yamada, H.; Yamamoto, T.; Kurachi, D.; Hayashi-Kameda, N.; Honda, K.; Kayaba, H.; Urayama, O.
Priming effect of RANTES on eosinophil oxidative metabolism. Allergy 1998, 53, 1178–1182. [CrossRef]

51. Hattori, H.; Imai, H.; Furuhama, K.; Sato, O.; Nakagawa, Y. Induction of phospholipid hydroperoxide
glutathione peroxidase in human polymorphonuclear neutrophils and HL60 cells stimulated with TNF-alpha.
Biochem. Biophys. Res. Commun. 2005, 337, 464–473. [CrossRef]

52. Shridas, P.; Webb, N.R. Diverse Functions of Secretory Phospholipases A2. Adv. Vasc. Med. 2014, 2014,
689815. [CrossRef]

53. Hallstrand, T.S.; Chi, E.Y.; Singer, A.G.; Gelb, M.H.; Henderson, W.R. Secreted phospholipase A2 group
X overexpression in asthma and bronchial hyperresponsiveness. Am. J. Respir. Crit. Care Med. 2007, 176,
1072–1078. [CrossRef] [PubMed]

54. Hallstrand, T.S.; Lai, Y.; Altemeier, W.A.; Appel, C.A.; Johnson, B.; Frevert, C.W.; Hudkins, K.L.; Bollinger, J.G.;
Woodruff, P.G.; Hyde, D.M.; et al. Regulation and function of epithelial secreted phospholipase A2 group X
in asthma. Am. J. Respir. Crit. Care Med. 2013, 188, 42–50. [CrossRef] [PubMed]

55. Nolin, J.D.; Lai, Y.; Ogden, H.L.; Manicone, A.M.; Murphy, R.C.; An, D.; Frevert, C.W.; Ghomashchi, F.;
Naika, G.S.; Gelb, M.H.; et al. Secreted PLA2 group X orchestrates innate and adaptive immune responses to
inhaled allergen. JCI Insight 2017, 2, 94929. [CrossRef]

56. Hart, L.A.; Krishnan, V.L.; Adcock, I.M.; Barnes, P.J.; Chung, K.F. Activation and localization of transcription
factor, nuclear factor-kappaB, in asthma. Am. J. Respir. Crit. Care Med. 1998, 158, 1585–1592. [CrossRef]

57. Poynter, M.E.; Irvin, C.G.; Janssen-Heininger, Y.M. Rapid activation of Nuclear Factor- B in airway epithelium
in a murine model of allergic airway inflammation. Am. J. Pathol. 2002, 160, 1325–1334. [CrossRef]

58. Khaddaj-Mallat, R.; Sirois, C.; Sirois, M.; Rizcallah, E.; Marouan, S.; Morin, C.; Rousseau, E. Pro-Resolving
Effects of Resolvin D2 in LTD4 and TNF-α Pre-Treated Human Bronchi. PLoS ONE 2016, 11, e0167058.
[CrossRef]

59. Khaddaj-Mallat, R.; Rousseau, E. MAG-EPA and 17,18-EpETE target cytoplasmic signalling pathways
to reduce short-term airway hyperresponsiveness. Pflugers Arch. Eur. J. Physiol. 2015, 467, 1591–1605.
[CrossRef]

60. Kantrow, S.P.; Shen, Z.; Jagneaux, T.; Zhang, P.; Nelson, S. Neutrophil-mediated lung permeability and host
defense proteins. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 297, 738–745. [CrossRef]

61. Maus, U.; von Grote, K.; Kuziel, W.A.; Mack, M.; Miller, E.J.; Cihak, J.; Stangassinger, M.; Maus, R.;
Schlöndorff, D.; Seeger, W.; et al. The role of CC chemokine receptor 2 in alveolar monocyte and neutrophil
immigration in intact mice. Am. J. Respir. Crit. Care Med. 2002, 166, 268–273. [CrossRef]

62. Kraneveld, A.D.; Van der Kleij, H.P.; Kool, M.; Van Houwelingen, A.H.; Weitenberg, A.C.; Redegeld, F.A.;
Nijkamp, F.P. Key role for mast cells in nonatopic asthma. J. Immunol. 2002, 169, 2044–2053. [CrossRef]
[PubMed]

63. Biedermann, T.; Kneilling, M.; Mailhammer, R.; Maier, K.; Sander, C.A.; Kollias, G.; Kunkel, S.L.; Hultner, L.;
Rocken, M. Mast cells control neutrophil recruitment during T cell-mediated delayed-type hypersensitivity
reactions through tumor necrosis factor and macrophage inflammatory protein 2. J. Exp. Med. 2000, 192,
1441. [CrossRef] [PubMed]

64. Verheijden, K.A.; Henricks, P.A.; Redegeld, F.A.; Garssen, J.; Folkerts, G. Measurement of airway function
using invasive and non-invasive methods in mild and severe models for allergic airway inflammation in
mice. Front. Pharmacol. 2014, 5, 190. [CrossRef] [PubMed]

65. Nakae, S.; Ho, L.H.; Yu, M.; Monteforte, R.; Iikura, M.; Suto, H.; Galli, S.J. Mast cell-derived TNF contributes
to airway hyperreactivity, inflammation, and TH2 cytokine production in an asthma model in mice. J. Allergy
Clin. Immunol. 2007, 120, 48–55. [CrossRef] [PubMed]

66. Tarkowski, M.; Vanoirbeek, J.A.; Vanhooren, H.M.; De Vooght, V.; Mercier, C.M.; Ceuppens, J.; Nemery, B.;
Hoet, P.H. Immunological determinants of ventilatory changes induced in mice by dermal sensitization and
respiratory challenge with toluene diisocyanate. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 292, 207–214.
[CrossRef]

67. Kanagaratham, C.; Marino, R.; Camateros, P.; Ren, J.; Houle, D.; Sladek, R.; Vidal, S.M.; Radzioch, D. Mapping
of a chromosome 12 region associated with airway hyperresponsiveness in a recombinant congenic mouse
strain and selection of potential candidate genes by expression and sequence variation analyses. PLoS ONE
2014, 9, e104234. [CrossRef]

75



Int. J. Mol. Sci. 2019, 20, 5935

68. Finkelmann, F.D. Use of unrestrained, single-chamber barometric plethysmography to evaluate sensitivity
to cholinergic stimulation in mouse models of allergic airway disease. J. Allergy Clin. Immunol. 2008, 121,
334–335. [CrossRef]

69. De Vooght, V.; Vanoirbeek, J.A.; Luyts, K.; Haenen, S.; Nemery, B.; Hoet, P.H. Choice of mouse strain
influences the outcome in a mouse model of chemical-induced asthma. PLoS ONE 2010, 5, e12581. [CrossRef]

70. Kumar, R.K.; Foster, P.S. Are mouse models of asthma appropriate for investigating the pathogenesis of
airway hyper-responsiveness? Front. Physiol. 2012, 31, 312. [CrossRef]

71. Tränkner, D.; Hahne, N.; Suginoa, K.; Hoonb, M.A.; Zukera, C. Population of sensory neurons essential for
asthmatic hyperreactivity of inflamed airways. Proc. Natl. Acad. Sci. USA 2014, 111, 11515–11520. [CrossRef]

72. Reich, A.; Szepietewski, J.C. Non-analgesic effects of opioids: Peripheral opioid receptors as promising
targets for future anti-pruritic therapies. Curr. Pharm. Des. 2012, 18, 6021–6024. [CrossRef] [PubMed]
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Abstract: In clinical practice, the metabolic syndrome (MetS) is often associated with chronic
obstructive pulmonary disease (COPD). Although gender differences in MetS are well documented,
little is known about sex-specific differences in the pathogenesis of COPD, especially when combined
with MetS. Consequently, it is not clear whether the same treatment regime has comparable efficacy
in men and women diagnosed with MetS and COPD. In the present study, using sodium glutamate,
lipopolysaccharide, and cigarette smoke extract, we simulated lipid metabolism disorders, obesity,
hyperglycemia, and pulmonary emphysema (comorbidity) in male and female C57BL/6 mice. We
assessed the gender-specific impact of lipid metabolism disorders and pulmonary emphysema on
angiogenic precursor cells (endothelial progenitor cells (EPC), pericytes, vascular smooth muscle cells,
cells of the lumen of the nascent vessel), as well as the biological effects of pegylated glucagon-like
peptide 1 (pegGLP-1) in this experimental paradigm. Simulation of MetS/COPD comorbidity caused
an accumulation of EPC (CD45−CD31+CD34+), pericytes, and vascular smooth muscle cells in the
lungs of female mice. In contrast, the number of cells involved in the angiogenesis decreased in
the lungs of male animals. PegGLP-1 had a positive effect on lipids and area under the curve
(AUC), obesity, and prevented the development of pulmonary emphysema. The severity of these
effects was stronger in males than in females. Furthermore, PegGLP-1 stimulated regeneration of
pulmonary endothelium. At the same time, PegGLP-1 administration caused a mobilization of EPC
(CD45−CD31+CD34+) into the bloodstream in females and migration of precursors of angiogenesis
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and vascular smooth muscle cells to the lungs in male animals. Gender differences in stimulatory
action of pegGLP-1 on CD31+ endothelial lung cells in vitro were not observed. Based on these
findings, we postulated that the cellular mechanism of in vivo regeneration of lung epithelium was
at least partly gender-specific. Thus, we concluded that a pegGLP-1-based treatment regime for
metabolic disorder and COPD should be further developed primarily for male patients.

Keywords: gender differences; dyslipidemia; obesity; hyperglycemia; pulmonary emphysema;
endothelial progenitor cells; angiogenic precursor cells; pegylated glucagon-like peptide 1; and
endothelial regeneration

1. Introduction

In clinical practice, metabolic syndrome (MetS) is defined as the presence of at least three of the
following five conditions: abdominal obesity, elevated triglyceride levels, low serum high-density
lipoprotein (HDL), high blood pressure (hypertension), and elevated levels of blood glucose [1].

Gender differences in glucose homeostasis and energy balance are important factors in the
development of MetS in men and women [2]. In general, women are at greater risk of metabolic
disorders due to a higher fat/muscle mass ratio and more subcutaneous fat tissue. Consequently,
females have higher insulin resistance than men. This is associated with hormonal differences and
diet [3–6]. Gender-specific differences in the lipoprotein profile are well described [7]. In addition,
gender-specific mechanisms beyond the scope of this study contribute to a higher accumulation of
adipose tissue in females, whereas mobilization of fat reserves tends to be more effective in men.

In addition to MetS, gender-specific differences in major metabolic pathways have been suggested
to contribute to the pathogenesis of various lung diseases [8,9].

Clinically, MetS has been found to be more frequent in patients with chronic obstructive pulmonary
disease (COPD). This patient cohort has a higher body mass index compared to patients with COPD
alone [10]. The clinical picture and course of COPD often differ in women and men [11]. Importantly,
COPD with MetS is more frequent in female patients with a prevalence of 18.5% in men and 38.5% in
women [12].

Fatty acids are an important source of energy. In this context, catabolism of fatty acids yields more
Adenosine triphosphate (ATP) per mole than in the oxidation of glucose [13–15].

Recent reports indicate that changes in lipid metabolism allow lung tissue to meet the energy
needs of patients with COPD [16]. On the other hand, changes in lipid metabolism (catabolism,
anabolism) contribute to the pathogenesis of COPD. In particular, obesity initiates anabolic pathways
involved in the synthesis of pro-inflammatory molecules [16]. This mechanism reduces lung function
and increases the severity of COPD [17,18].

Understanding the gender-specific mechanisms of a disease is important for finding individual
and personalized treatment strategies in patients with MetS and COPD.

In a recent review, Kim J.H. and colleagues highlighted gender-specific differences in the histology
and functional activity of the lungs in patients with COPD and MetS [12]. Briefly, the authors reported
that in comparison with men, women have fewer alveoli. Furthermore, their airway diameter is
relatively small compared to the size of the lungs. Thus, lung function tends to decline sharply
as obesity increases. Moreover, estrogens can reduce lung function. In 2018, Zore T. et al. drew
attention to adipocyte progenitor cells as a potential factor affecting sex differences in adipose tissue
enlargement [19]. In contrast, they postulated that hematopoietic stem cells are a factor contributing to
gender differences in the inflammatory response.

Previously, we demonstrated that incretin glucagon-like peptide-1 (GLP-1) administration could
stimulate the regeneration of lung endothelium in lung emphysema in obese mice [20]. The regenerative
effects of GLP-1 have been at least partly mediated by effects on endothelial progenitor cells. However,
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in vivo, GLP-1 is rapidly metabolized by dipeptidyl peptidase-4, leading to a relatively low regenerative
activity of the hormone. It is well described that pegylation can be used to preserve pharmacologically
active molecules.

The aim of this research was to study gender differences in the treatment of hyperglycemia,
dyslipidemia and obesity, emphysema, and alveolar endothelial injury with pegylated GLP-1
(pegGLP-1) in a C57BL/6 mice model of obesity and emphysema. We investigated the effect of pegGLP-1
on bone marrow, circulating in the blood, and pulmonary endothelial progenitor cells and other cells
involved in angiogenesis in female and male animals to assess potential gender-specific differences.

2. Results

2.1. The Effect of GLP-1 and pegGLP-1 on Lee Index and Body Mass Index

To confirm obesity in the male and female C57BL/6 mice on p189—mice that received MSG
(monosodium glutamate)—Lee and body mass index (BMI) indexes were assessed. Simulations of
pulmonary emphysema did not affect the Lee index and BMI in animals of f3 and m3 groups (mice
with lung emphysema) compared to intact controls (Figure 1). In the modeling of metabolic disorders
(obesity and hyperglycemia), and in the modeling of metabolic disorders (obesity and hyperglycemia)
and lungs emphysema, we observed an increase in the Lee and BMI indexes in females (groups f2
(mice with metabolic disorders) and f4 (mice with metabolic disorders and lung emphysema)) and
males (groups m2 and m4), while in males, the increase in parameters was more pronounced compared
to females.

 

(a) (b) 

Figure 1. The effect of glucagon-like peptide-1 (GLP-1) and pegylated GLP-1 (pegGLP-1) on body
mass index (BMI) and Lee index of male and female C57BL/6 mice on p189: (a) The BMI (g/cm2);
(b) The Lee index. Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. Results are presented as the mean±SEM. *—significance of
difference compared with control (p< 0.05);�—significance of difference compared with the obesity+CSE
group (p < 0.05). CSE, cigarette smoke extract.

GLP-1 or pegGLP-1 treatment had no effect on the Lee index of females and males in metabolic
disorders (obesity and hyperglycemia) and emphysema compared with untreated mice of groups f4
and m4 (Figure 1b). Meanwhile, drugs significantly reduced BMI in females of groups f5 (mice with
metabolic disorders and lung emphysema treated with GLP-1) and f6 (mice with metabolic disorders
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and lung emphysema treated with peg-GLP-1), and males of groups m5 and m6. The therapeutic
effect in males m6 was more pronounced compared to females f6. This section may be divided by
subheadings. It should provide a concise and precise description of the experimental results, their
interpretation, as well as the experimental conclusions that can be drawn.

2.2. Changes in Serum Lipid Parameters in Emphysema, Metabolic Disorders, and the Combination of
Metabolic Disorders and Emphysema

Dyslipidemia is a key component of metabolic disorders (MD) and often occurs with obesity.
We studied levels of cholesterol, triglycerides (TG), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and very-low-density lipoprotein (VLDL) in the serum of male and female C57BL/6
mice on p189. The m2 group showed a more pronounced increase in cholesterol, TG, HDL, and VLDL
compared with the f2 group. In contrast, in group f2, there was a more marked increase in LDL than in
group m2 (Figure 2c). We also observed gender-dependent differences in serum lipid levels in the
development of emphysema. Thus, the levels of TG and LDL in the m3 group increased, while in the
f3 group, these indicators decreased (Figure 2a,c). It should be noted that the levels of cholesterol, LDL,
and HDL in males and females with emphysema of the lungs changed the same type—they increased.

 
Figure 2. Lipid profile measurements in the blood of female and male C57BL/6 mice on p189:
(a) The level of triglycerides in serum (Mmol/l); (b) High-density lipoprotein level (Mmol/l);
(c) Low-density lipoprotein level (Mmol/l); (d) Very low-density lipoprotein level (Mmol/l); (e) The
ratio of triglycerides to high-density lipoproteins (TG/HDL). Groups: control—a control group from
intact mice, obesity—mice with metabolic disorders (obesity and hyperglycemia), CSE—mice with
lungs emphysema, obesity+CSE—mice with metabolic disorders (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1—mice with metabolic disorders (obesity and hyperglycemia)
and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with metabolic disorders
(obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. *—significance of difference
compared with control (p < 0.05); �—significance of difference compared with the obesity+CSE group
(p < 0.05).
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The combination of MD and lung emphysema revealed differences in the lipid profile of males and
females. In female mice of group f4 (mice with MD and lung emphysema), serum LDL concentrations
increased compared to f1 (intact control) and f2 (Figure 2c). In the m4 group, this figure did not change
significantly. Decrease in triglycerides (TG) and VLDL and increase in cholesterol, VLDL in the blood
serum was observed in mice m4 and f4, but the degree of severity of changes was more pronounced
in males.

2.3. The Effect of GLP-1 and pegGLP-1 on Lipid Parameters of Blood Serum with a Combination of Metabolic
Disorders and Emphysema

On p189, we studied the effectiveness of GLP-1 and pegGLP-1 on fat metabolism in mice of
different sexes under the conditions of MSG and cigarette smoke extract (CSE) administration (a
combination of MD and lung emphysema).

The introduction of GLP-1 to m5 males (with an MD and lung emphysema) reduced the
concentration of TG (1.7 times) and VLDL (1.7 times) compared to m4 males. In contrast, the
concentration of cholesterol and LDL increased (Figure 2c). At the same time, GLP-1 increased
cholesterol and HDL cholesterol levels in females of the f5 group (with MD and lung emphysema) and
did not affect other parameters.

The introduction of pegGLP-1 to m6 (with MD and lung emphysema) caused an increase in
cholesterol, HDL, and LDL levels compared to the m4 group (Figure 2). On the contrary, the level of
TG decreased (by 1.5 times) in group f6 females—affected by pegGLP-1—compared to group f4. The
level of VLDL was reduced, while the level of LDL increased.

In addition, we studied gender differences in the ratio of triglycerides to high-density lipoproteins
(TG/HDL). As can be seen from Figure 2e, the parameter value in females of the f1 group was
significantly higher compared to males of the m1 group (6.8 times). Modeling of metabolic disorders,
emphysema of the lungs, and a combination of metabolic disorders and emphysema of the lungs
caused an increase in TG/HDL in males of group m2 (3 times), m3 (2.8 times) and m4 (1.6 times),
respectively, compared to intact control. In females of group f2, the parameter increased slightly (by
8%), in groups f3 and f4, on the contrary, we observed its decrease by 69% and 57.4%, respectively,
compared to f1. The GLP-1 treatment helped to reduce the ratio of TG/HDL in males and females in a
combination of MD and lung emphysema, while the effect of the drug was most pronounced in the
m5 group. PegGLP-1 did not affect the studied parameter in males in the m6 group and reduced it in
females in the f6 group by 35%.

2.4. GLP-1 and PegGLP-1 Effect on Area Under the Curve (AUC) During the Glucose Tolerance Test

The day before the removal of animals from the experiment (p188), the glucose tolerance test
(GTT) and the calculation of the area under the curve for blood glucose (AUC) were conducted. After
the introduction of MSG, there was a natural increase in AUC in males of the m2 group (two times),
and it was significantly less in females of the f2 group (19%) compared to the control groups (Figure 3).
Interestingly, the introduction of cigarette smoke extract (CSE) also increased AUC in males of the m3
group (by 21%), while the parameter did not change in the f3 group. Simulations of the combined
pathology did not affect AUC in f4 females, but in m4 males, the parameter increased 1.8 times
compared to the m1 group.

The GLP-1 or pegGLP-1 treatment decreased AUC in male mice of m5 (13%) and m6 (18%),
respectively (Figure 3). PegGLP-1 (11%) was more effective in females with comorbidity, but not
GLP-1 (5%).
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Figure 3. The area under the curve (AUC) of female and male C57BL/6 mice during the glucose tolerance
test (on p188). Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE-mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. *—significance of difference compared with control (p < 0.05).

2.5. Morphological Study of Lung

Lung injuries caused by lipopolysaccharide (LPS) and CSE were similar in group f3 females and
group m3 male mice. Thus, by the p148 (24 h before treatment), the animals developed moderately
diffused lungs emphysema. In addition, histological preparations of the lungs revealed an increase
in the size of the alveoli and alveolar passages and single ruptures of the alveolar septa due to
damage to elastic membranes. In mice of groups (m3 and f3), pulmonary hyperemia and diapedesis of
erythrocytes in the lumen of the alveoli were revealed; the walls of the alveoli were thickened due
to inflammatory infiltration by macrophages (Figure 4b). At the same time, macrophages and single
neutrophils were found in the lumen of the alveoli, and peribronchial lymph-macrophage infiltrates
were observed. On p189, as well as on p148, emphysema of the lungs in group f3 and group m3 mice
was diffused. Meanwhile, on p189, the thinning of the walls of the alveoli, the number of ruptures and
atelectasis of the pulmonary tissue, and the area of emphysema in these mice were more significant
compared to p148 (Figure 4b). The area of emphysema in the males was superior to that of the females.

When modeling metabolic disorders in the lungs of group f2 and group m2 animals, we found
hyperemia of small and large vessels, a large number of macrophages, and single neutrophils on p189
(Figure 4). In males, these parameters were more pronounced than in females.

The appointment of MSG and CSE (a combination of MD and lung emphysema) caused the
development of focal lung emphysema of moderate severity in males (group m4) and females (group
f4) on p189 (Figure 4). The area of emphysema in females (group f4) was smaller than in males (group
m4). In the lungs of mice treated with a combination of metabolic disorders and lung emphysema,
we found groups of enlarged alveoli and alveolar passages, and ruptures of the alveolar walls. In
the alveoli, there have been sporadic neutrophils and a greater number of macrophages compared to
females f3 and males m3. It should be noted that the area of emphysema in group f4 and group m4
was inferior to that in the group f3 and group m3, respectively.

GLP-1 and pegGLP-1 treatment slightly reduced the inflammatory infiltration by macrophages of
the lungs of females and males under the conditions of MSG and CSE administration on p189. In the
lungs of females of groups f5 and f6, the area of emphysema-enlarged tissue significantly decreased
compared to untreated females of group f4 (Figure 4). The pegGLP-1 effect was higher than that
of GLP-1.
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Figure 4. Morphological study of lung obtained from male and female C57BL/6 mice (n = 6):
(a) Photomicrographs of left lung sections (lower pulmonary field) (on p189). Tissues were stained with
hematoxylin-eosin; (b) The area of emphysema-expanded lung tissue (lower pulmonary field) of mice
from all groups (on p148); (c) The area of emphysema-expanded lung tissue (upper pulmonary field) of
mice from all groups (on p); (d) The area of emphysema-expanded lung tissue (middle pulmonary
field) of mice from all groups (on p189); (e) The area of emphysema-expanded lung tissue (lower
middle pulmonary field) of mice from all groups (on the p189). Groups: control—a control group from
intact mice, obesity—mice with metabolic disorders (obesity and hyperglycemia), CSE—mice with
lungs emphysema, obesity+CSE—mice with metabolic disorders (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1–mice with metabolic disorders (obesity and hyperglycemia)
and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with metabolic disorders
(obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. * p < 0.05 significance of
difference compared with control group, �—significance of difference compared with the obesity+CSE
group (p < 0.05).

2.6. Immunohistochemical Lung Study

The CSE introduction significantly reduced the number of CD31-expressing cells in the pulmonary
tissue of m3 and f3 mice compared to m1 and f1 mice by the p189 (Figure 5). With the MSG and CSE
introduction (a combination of MD and lung emphysema), the reduction of the number of CD31+ cells
in the lungs of mice (group m4 and f4) was more significant than in m3 and f3 mice. When modeling
pathology, the decrease in CD31 expression in the lungs of males was more significant than in females.

GLP-1 and pegGLP-1 treatment caused a significant increase in the number of CD31+ cells in mice
lungs under MSG and CSE administration compared to untreated mice with MD and emphysema of
the lungs (Figure 5). In this case, the therapeutic effect of males was higher than that of females.
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Figure 5. The relative content of cells expressing CD31 antigen in the lungs isolated from male
and female C57BL/6 mice at the immunohistochemical staining for specific cellular marker: CD31
(on the p189). Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice with
metabolic disorders (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice
with metabolic disorders (obesity and hyperglycemia) and lungs emphysema treated with GLP-1,
obesity+CSE+pegGLP-1—mice with metabolic disorders (obesity and hyperglycemia) and lungs
emphysema treated with pegGLP-1. *p < 0.05 significance of difference compared with control group,
�—significance of difference compared with the obesity+CSE group (p < 0.05).

2.7. Study of Stem Antigens, Epithelial and Endothelial Cells, and Other Cells Using Flow Cytometric Analysis

2.7.1. Lung

On p189, we studied the precursors and mature cells content in the lungs of healthy mice
(males and females). In the lungs of the m1 male group, we found a significantly greater
number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+) and the precursors
of angiogenesis (CD45−CD309+CD117+), cells in the lumen of the nascent vessel (CD31+CD34−), than
the females of group f1 (Figure 6). At the same time, the number of vascular smooth muscle cells
(CD31−CD34+CD146+) in the m1 group was inferior to that in the f1 group, and no significant gender
differences in the content of pericytes (CD31−CD34−CD146+) were revealed.

MSG introduction caused an increase in the number of EPC and precursors of angiogenesis,
vascular smooth muscle cells, pericytes in females of group f2 (mice with MD) compared to females
of group f1 (Figure 6). In males of the m2 group, we found a decrease in the number of EPC and
angiogenesis precursors, nascent vessel lumen cells, with vascular smooth muscle cells and pericytes
accumulating in the lungs.

The LPS and CSE introduction caused a significant increase in the number of cells of the lumen
of the nascent vessel and precursors of angiogenesis in group f3 compared to group f1 (Figure 6). In
contrast, in the lungs of males of the m3 group, we observed a significant decrease in the number of
EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and angiogenesis precursors compared to
the m1 group. On the contrary, the number of pericytes increased.

Modeling of MD and lung emphysema by MSG and CSE in females of group f4 caused a significant
increase in the number of EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and pericytes
compared to group f1 (Figure 6). In contrast, the combination of MD and emphysema significantly
reduced the number of EPC (CD45−CD31+CD34+), precursors of angiogenesis, and pericytes in the
m4 group compared to healthy males.
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Figure 6. Characterization of cell population isolated from the lung of male and female C57BL/6 mice on
the p189. (a) The content of endothelial progenitor cells (EPC) (CD45−CD31+CD34+); (b) The content
of EPC (CD31+CD34+CD146+); (c) The content of angiogenesis precursors (CD45−CD309+CD117+);
(d) The content of cells in the lumen of the nascent vessel (CD31+CD34−); (e) The content of vascular
smooth muscle cells (CD31−CD34+CD146+); (f) The content of pericytes (CD31−CD34−CD146+). Cells
were analyzed by flow cytometry using antibodies for CD31, CD34, CD45, CD146, CD117, CD309 mice.
Dot plots are representative of three independent experiments with the mean from three independent
experiments. Groups: control—a control group from intact mice, obesity—mice with metabolic
disorders (MD) (obesity and hyperglycemia), CSE—mice with lungs emphysema, obesity+CSE—mice
with MD (obesity and hyperglycemia) and lungs emphysema, obesity+CSE+GLP-1—mice with MD
(obesity and hyperglycemia) and lungs emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice
with MD (obesity and hyperglycemia) and lungs emphysema treated with pegGLP-1. *—significance
of difference compared with control (p < 0.05); �—significance of difference compared with the
obesity+CSE group (p < 0.05).

The GLP-1 treatment caused similar changes in mice of f5 and m5 groups, such as a decrease in
the number of pulmonary EPC (CD45−CD31+CD34+), vascular smooth muscle cells, and an increase
in the number of angiogenesis precursors (Figure 6). Inter-gender differences were in the additional
reduction of the population of pulmonary EPC (CD31+CD34+CD146+) in the m5 group. In addition,
GLP-1 increased the number of pericytes in the lungs of m5 mice and reduced their number in f5 mice
compared to untreated animals.
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The pegGLP-1 reduced the population of cells in the lumen of the nascent vessel but increased
the number of vascular smooth muscle cells in group m6 (Figure 6). Changes in the cells of the
lungs of group f6 females to the pegGLP-1 introduction were as follows: the number of precursors
of angiogenesis, the pericytes, and vascular smooth muscle cells decreased in comparison with the
female group f5, on the other hand, the number of EPC (CD45−CD31+CD34+) increased.

2.7.2. Bone Marrow

On p189, we revealed gender differences in the populations of immature endothelial bone marrow
cells of healthy mice. In m1 males, the number of EPC (CD31+CD34+CD146+) (5.5 times) and
angiogenesis precursors (4.58 times) significantly exceeded that of f1 females (Figure 7).

Figure 7. Characterization of cell population isolated from the bone marrow of male and female
C57BL/6 mice on the p189. (a) Phenotype establishment and qualitative analysis of CD45 (PerCP),
CD34 (FITC), and CD31 (APC) expression; (b) Phenotype establishment and qualitative analysis
of CD34 (FITC), CD31 (APC), and CD146 (PerCP-Cy5.5) expression; (c) The content of EPC
(CD45−CD31+CD34+); (d) The content of EPC (CD31+CD34+CD146+); (e) The content of angiogenesis
precursors (CD45−CD309+CD117+). Cells were analyzed by flow cytometry using antibodies for
CD45, CD31, CD34, CD146, CD117, CD309 mice. Dot plots are representative of three independent
experiments with the mean from three independent experiments. Groups: control—a control group
from intact mice, obesity—mice with MD (obesity and hyperglycemia), CSE—mice with lungs
emphysema, obesity+CSE—mice with MD (obesity and hyperglycemia) and lungs emphysema,
obesity+CSE+GLP-1—mice with MD (obesity and hyperglycemia) and lungs emphysema treated with
GLP-1, obesity+CSE+pegGLP-1—mice with MD (obesity and hyperglycemia) and lungs emphysema
treated with pegGLP-1. *—significance of difference compared with control (p < 0.05); �—significance
of difference compared with the obesity+CSE group (p < 0.05).

The MSG introduction caused a decrease in the number of bone marrow EPC
(CD31+CD34+CD146+) and angiogenesis precursors in m2 males. On the contrary, in MSG-treated f2
females, we observed a significant increase in the number of these cells (Figure 7d).
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The LPS and CSE introduction caused a significant increase in the number of all endothelial cells
studied in the bone marrow of females of group f3 compared to group f1 (Figure 7c,d). In turn, in
m3 males, we observed a selective accumulation of EPC (CD45−CD31+CD34+) 11 times compared to
healthy males.

Modeling of MD and lung emphysema caused an increase in the content of bone marrow
EPC (CD31+CD34+CD146+) and angiogenesis precursors in f4 females compared to healthy females
(Figure 7 d,e). In males of the m4 group, a combination of MD and pulmonary emphysema led to the
accumulation of EPC (CD45−CD31+CD34+) and precursors of angiogenesis.

The GLP-1 introduction increased the number of EPC (CD45−CD31+CD34+) and reduced the
number of CD31+CD34+CD146+-endothelial cells in the bone marrow of f5 and m5 mice compared to
f4 and m4 mice, respectively (Figure 7). We found gender differences in the reaction of angiogenesis
precursors to treatment: in females of group f5, the number of CD45−CD309+CD117+-cells was 64%
higher than that in group f4; males of m5 showed a tendency to decrease the number of these cells.

The pegGLP-1 treatment increased the number of bone marrow CD45−CD31+CD34+ EPC and
precursors of angiogenesis in mice of groups f6 and m6 compared to untreated mice in terms of MD and
lung emphysema (Figure 7c). On the other hand, in these groups, we found a decrease in the number
of CD31+CD34+CD146+-EPC, which was more pronounced in the m6 group than in the f5 group.

2.7.3. Blood

We found gender differences in the blood cells of healthy animals. Thus, in the m1 group, the
number of circulating CD45−CD31+CD34+-EPC (by 63%), CD31+CD34+CD146+-EPC (by 94%), and
vascular smooth muscle cells (by 99.5%) was inferior to that in the f1 group (Figure 8). In contrast, the
number of pericytes (21.5 times) and lumen cells of the nascent vessel (1.87 times) in healthy males
was higher than in healthy females.

The MSG introduction caused a decrease in the number of CD45−CD31+CD34+-EPCs,
nascent vessel lumen cells, and pericytes in the blood of females and males compared to the
corresponding healthy mice (Figure 8). Gender differences included an increase in the number
of CD31+CD34+CD146+-EPCs and vascular smooth muscle cells in females (f2) and a reduction in
these cell populations in males (m2).

LPS and CSE introduction caused a significant increase in the number of EPC (CD45−CD31+CD34+

and CD31+CD34+CD146+), vascular smooth muscle cells, and pericytes in the blood of m3 males
compared to healthy m1 males (Figure 8). Meanwhile, in the blood of f3 group, we observed a decrease
in the number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+), vascular smooth
muscle cells, and cells of the lumen of the nascent vessels; the only exception was the pericytes, the
number of which sharply increased compared to group f1.

The reaction of circulating blood cells of females of the f4 group in the modeling of MD and lung
emphysema coincided with that which was identified in females with emphysema (Figure 8). In males
of the m4 group, a coincidence of the reaction (increase) of vascular smooth muscle cells and pericytes
with that of males of the m3 group (emphysema of the lungs) was revealed. At the same time, the
number of endothelial cells (CD45−CD31+CD34+ and CD31+CD34+CD146+) and nascent vessel cells
in the blood of m4 males, on the contrary, decreased and was less than in the m1 group.

GLP-1 reduced the number of all studied cells in f5 females compared to untreated f4 females:
endothelial cell populations (CD45−CD31+CD34+ and CD31+CD34+CD146+) and vascular smooth
muscle cells were most significantly reduced (Figure 8). In contrast, GLP-1 increased the number of
CD31+CD34+CD146+-endothelial cells, vascular smooth muscle cells, and blood pericytes in m5 males
compared to m4 males.

PegGLP-1 treatment caused an increase in the number of endothelial cells and vascular smooth
muscle cells in the blood of females and males f6 and m6 compared to untreated animals in conditions
of MD and lung emphysema (Figure 8). Gender differences were expressed in the accumulation of
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nascent vessel lumen cells in f6 females, and the opposite reaction of pericytes: the number of these
cells in f6 females decreased, and it increased in m6 males.

 
Figure 8. Characterization of cell population isolated from the blood of male and female C57BL/6 mice on
the p189. (a) The content of EPC (CD45−CD31+CD34+); (b) The content of EPC (CD31+CD34+CD146+);
(c) The content of cells in the lumen of the nascent vessel (CD31+CD34−); (d) The content of pericytes
(CD31−CD34−CD146+); (e) The content of vascular smooth muscle cells (CD31−CD34+CD146+). Cells
were analyzed by flow cytometry using antibodies for CD45, CD31, CD34, CD146 mice. Dot plots are
representative of three independent experiments with the mean from three independent experiments.
Groups: control—a control group from intact mice, obesity—mice with MD (obesity and hyperglycemia),
CSE—mice with lungs emphysema, obesity+CSE—mice with MD (obesity and hyperglycemia) and
lungs emphysema, obesity+CSE+GLP-1—mice with MD (obesity and hyperglycemia) and lungs
emphysema treated with GLP-1, obesity+CSE+pegGLP-1—mice with MD (obesity and hyperglycemia)
and lungs emphysema treated with pegGLP-1. *—significance of difference compared with control
(p < 0.05); �—significance of difference compared with the obesity+CSE group (p < 0.05).

2.8. Study of GLP-1 and PegGLP-1 Effect on CD31+ Lung Cells In Vitro

The effects of GLP-1 and pegGLP-1 on some parameters of CD31+ cells obtained from the lungs of
females of f1 and f4 groups and males of m1 and m4 groups were studied in vitro. GLP-1 or pegGLP-1
were introduced into the cell culture enriched with CD31+ cells, and the final concentration of these
drugs in the culture was 10−7 M.

Figure 9d shows that affected by GLP-1 and pegGLP-1, the number of apoptotic CD31+ cells in
the f1 and m1 groups did not change. Meanwhile, in the f4 and m4 groups, GLP-1 and pegGLP-1
significantly reduced the number of apoptotic CD31+ cells compared to the solvent culture, while we
did not observe gender differences in the severity of the drug effects (Figure 9g).
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GLP-1 and pegGLP-1 significantly increased the expression of CD34 marker in CD31+ culture of
lung cells in all the studied f1 and m1 and f4 and m4 groups (Figure 9a,c,f). We did not observe gender
differences in the severity of the drug effects.

GLP-1 and pegGLP-1 increased the number of CD31+ lung cells with active esterases. This effect
was more pronounced in the f1 and m1 groups than in the f4 and m4 groups (Figure 9b,e).

Figure 9. GLP-1 and pegGLP-1 treatment effects on CD31+ endothelial cells isolated from the lungs of
male and female C57BL/6 mice in vitro: (a) Images of CD31+ cells stained with: Hoechst (blue) to identify
cell nuclei; CD34 FITC (green) (Hoechst +CD34) composite image using all two colors. All scale bars are
100 μm; (b–g) CD31+ endothelial cells from lung were precultured for 5 days, incubated with or without
GLP-1 (10−7 M) or pegGLP-1 (10−7 M) for 24 h and then labeled with Hoechst, Carboxyfluorescein
succinimidyl ester (CFSE) (b,e) CD34 FITC (c,f), Annexin V and 7-Aminoactinomycin D (7-AAD)
(d,g) prior to fluorescence microscopic analysis. (b) CFSE activity after culture of cells isolated from the
lung of intact mice; (c) the level of CD34+ cells after culture of cells isolated from the lung of intact mice;
(d) the count of cells with apoptosis after culture of cells isolated from the lung of intact mice; (e) CFSE
activity after culture of cells isolated from the lung of mice with MD and lung emphysema; (f) the level
of CD34+ cells after culture of cells isolated from the lung of mice with MD and lung emphysema;
(g) the count of cells with apoptosis after culture of cells isolated from the lung of mice with MD and
lung emphysema. All data are expressed as mean ± SD, *—significance of difference compared with
control (p < 0.05).

3. Discussion

MetS is a complex clinical condition, and abdominal visceral obesity is considered to be one
of its major components [21]. Gender differences in the development and progression of obesity
and MetS, as well as their treatment, represent a current challenge in clinical practice. Traditionally,
gender differences in metabolism (mechanisms of accumulation of adipose tissue and mobilization
of fat reserves, homeostasis of glucose, secretion, and effects of insulin) and related diseases (MetS
and type 1 and type 2 diabetes) are explained by the effects of sex hormones [2,7]. In our study, we
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focused on the combination of obesity (or MD) and COPD. Obesity contributes to increased respiratory
reactivity and can lead to various respiratory pathologies, including COPD, asthma, and other lung
diseases [17,22]. Moreover, obesity is common in patients diagnosed with COPD and contributes
to respiratory symptoms [23]. Importantly, endothelial dysfunction and endothelial disorders are
important risk factors for many complications of COPD.

While studying healthy C57BL/6 mice, we found fewer EPC (CD45−CD31+CD34+;
CD31+CD34+CD146+) and angiogenesis precursors (CD45−CD309+CD117+) in the lungs and bone
marrow of females compared to males (Figures 6 and 7). In vitro, no differences between male and
female mice were found regarding the numbers of apoptotic cells, expression of CD34, and the number
of cells with active esterase (Figure 9).

Administration of MSG induced dyslipidemia and obesity in both male and female animals
(Figure 2). The changes in lipid metabolism in females of group f2 were less pronounced compared to
males in group m2. Our data is in general accordance with previously published results [24]. As in our
earlier study [20], this work revealed infiltration of the parenchyma of lungs by inflammatory cells
(predominantly macrophages and single neutrophils) in mice of both sexes treated with MSG (Figure 4).
At the same time, hemodynamic disturbances and a decrease in the expression of CD31 in the lungs
were observed. In female animals in group f2, recruitment of bone marrow EPC, angiogenic precursor
cells, circulating pericytes, and vascular smooth muscle cells into the lungs was found (Figure 8). It
has been reported that pericytes and vascular smooth muscle cells are involved in the restoration of
the normal structure and function of the damaged endothelium through intercellular contacts [25]. In
accordance with this report, the recruitment of these cell types into the lungs could be explained by
ongoing regeneration of the damaged endothelium in the lungs of MSG-treated females.

We also found more pronounced hemodynamic disturbances and low CD31 expression in the
lungs of male animals within the m2 group compared to females in the f2 group (Figure 5). Surprisingly,
this damage to the pulmonary endothelium in male animals did not lead to the recruitment of bone
marrow EPC and angiogenic precursor cells into the lung tissue. Additionally, animals in group m2
showed signs of hyperglycemia and had an increased ratio of TG/HDL (Figure 2e). High values of the
TG/HDL ratio and glucose tolerance are thought to indicate a high risk of vascular complications [26].
This suggests that TG/HDL and hyperglycemia could have a prognostic significance in the simulation
of emphysema in mice with obesity. LPS and CSE introduction increased the inflammatory response
and caused the formation of emphysema in mice of both sexes with obesity. Meanwhile, damage
to the microvascular bed in the lungs was more profound in males in the m4 group (high values of
TG/HDL and hyperglycemia before emphysema modeling) than in females of the f4 group (low values
of TG/HDL and the normal level of glucose before emphysema modeling) (Figures 2e and 4).

As evidenced by the findings above, the differences in the reaction of lung endothelium of females
and males to external factors correlate with gender differences in fat metabolism and glucose metabolism.

LPS and CSE led to a decrease in the numbers of EPC (CD45−CD31+CD34+; CD31+CD34+CD146+),
angiogenic precursor cells, vascular smooth muscle cells, cells of the lumen of the nascent vessels, and
pericytes in the lungs of male mice in the group m4. These flow cytometric data can be explained
by an impaired mobilization and migration of the cells. In f4 females, we observed recruitment of
CD45−CD31+CD34+ EPC, vascular smooth muscle cells, and pericytes to the lungs (Figure 6). At the
same time, mobilization and migration of angiogenic precursor cells in females in the f4 group, as well
as in males in group m4, were disturbed. An analysis of CD31+ cells isolated from females in group
f4 and males in group m4 in vitro revealed that there were no sex-specific differences in the rate of
apoptosis, expression of CD34, and activity of esterase (Figure 9).

The main role of adult stem cells (SC) is the formation of new cells after injury [27]. In tissues
of an adult organism, SCs are contained in the bone marrow and tissue-specific niches [28]. Markers
of immature endothelial cells have been detected in bone marrow [28]. SC activity is regulated
by internal mechanisms and external signals; the latter can come from a niche. It is believed that
inflammation changes many homeostatic parameters and, thus, has a strong effect on various cells,
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including SC [29]. A negative impact of inflammation on the stem cell niche has been reported for
intestinal stem cells, satellite cells or myogenic precursors cells, hepatic progenitor cells, epidermal
stem cells, and neural stem cells [29]. Additionally, the mobilization of mesenchymal stromal/stem
cells (MSC) by inflammatory factors has been demonstrated [30–32]. In our study, we found high
levels of inflammatory cytokines in the lungs and disruption of EPC mobilization into the bloodstream
in male mice in the m4 group and females in the group f4. In light of these findings, it is likely that
mobilization of bone marrow EPC and MSC into the bloodstream and their migration to the damaged
tissue is regulated by different mechanisms.

Therapy of obesity and its complications is currently limited by the lack of consideration of
gender differences. Decreasing hyperglycemia and obesity could facilitate reducing the risk of
vascular complications and related diseases [33]. It is well known that GLP-1 stimulates insulin
production by islet β-cells, counteracts insulin resistance, improves peripheral glucose tolerance, and
has anti-inflammatory properties [34,35]. In addition to the endocrine activity of GLP-1, it may also
play a role in the homeostasis of the lungs. GLP-1 receptors are abundant in the alveoli, septum, airway,
and smooth muscle of pulmonary vessels [36–38]. Moreover, their levels are relatively higher in the
lungs than in the intestines and brain [39].

Known pegylated hormone analogs are characterized by improved pharmacokinetic characteristics
without reducing the effectiveness of treatment and safety compared with native GLP-1 [40]. In our
previous study, we assessed gender differences in the effects of pegGLP-1 in a streptozotocin-induced
model of diabetes. Briefly, pegGLP-1 showed an anti-diabetic effect [41,42]. In the present study,
pegGLP-1 showed more pronounced positive effects on the AUC, the ratio of TG/HDL, and emphysema
square-extended alveolar tissue in females in group f6 compared to the f5 females treated with
unpegylated GLP-1 (Figure 2). In addition, in female mice in f5 and f6 groups, both treatment regimes
(pegGLP-1 and GLP-1) increased expression of CD31 in alveolar tissue. We attributed to additional
recruitment of EPC (CD45−CD31+CD34+) and angiogenic precursors to the lungs. These cellular
effects were more pronounced in the case of pegGLP-1 than GLP-1. We found no differences in the
effect of both agents on cultivated CD31+ lung cells. Administration of pegGLP-1 or GLP-1 in cell
culture resulted in a decrease of CD31+ endothelial cell apoptosis and an increase in the number of
CD34+ cells with active esterases (Figure 9). Thus, it is possible that similar to native GLP-1 [20], CD31
and CD34 positive endothelial progenitor cells are the target for pegGLP-1.

In the present study, we also assessed potential gender differences in the effects of GLP-1 and
pegGLP-1. GLP-1 and pegGLP-1 administration in the m5 and m6 groups significantly reduced serum
triglyceride levels, BMI, and AUC compared to groups f5 and f6, whereas increased serum HDL
cholesterol concentration in male animals (Figure 1, Figure 2, Figure 3). Both GLP-1 and pegGLP1
administration did not affect the area of emphysema in groups m5 and m6, while the expression of
CD31 in the lungs increased. However, this increase in CD31 expression was not as strong as in female
groups (Figure 5). Unlike in female animals in f5 and f6 groups, angiogenic precursor cells, vascular
smooth muscle cells (by pegGLP-1), and pericytes (by GLP-1) were recruited into the damaged alveolar
tissue of males of groups m5 and m6 (Figure 6).

In sum, we presented evidence of gender-specific differences in lung injury, mobilization and
migration of EPC, and angiogenic precursor cells in mice with MD and lung emphysema. From our
point of view, genetic factors controlling fat metabolism and glucose metabolism might be involved
in the gender-specific differences, and these will be a subject of future studies. In addition, our data
indicated differences in the effectiveness of pegGLP-1 in COPD/MetS comorbidity. These results also
suggested potentially higher therapeutic effects of pegGLP-1 for COPD treatment in obese women (or
women with MD), including older women. Finally, we proposed that CD31 and CD34 positive EPCs
were the cellular targets of pegGLP-1.
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4. Materials and Methods

4.1. Animals

Experiments were carried out on female and male C57BL/6 mice (certified animals from the
nursery of E.D. Goldberg Research Institute of Pharmacology and Regenerative Medicine) in strict
adherence to the principles of European Convention for the Protection of Vertebrate Animals used
for Experimental and other Scientific Purposes (Strasbourg, 1986). The study was approved by the
Institutional Animal Care and Use Committee (IACUC) of the E.D. Goldberg Research Institute of
Pharmacology and Regenerative Medicine (license number IACUC No. 114062016, 22.06.2016). The
day of birth was considered as experimental day 0 (p0).

4.2. Induction of Obesity

Female and male C57BL/6 mice received a daily subcutaneous (sc) injection of monosodium
glutamate (MSG; Sigma, St. Louis, MO, USA) diluted in buffer solution (physiological saline) at a
dose of 2.2 mg/g from p0 to p10 [42]. Physiological saline was injected into control mice in equivalent
volume. Obesity parameters were estimated according to the Lee index on p124th [42–44]. Briefly, Lee
index was calculated as a cubic root of body weight (g) × 10/nasoanal length (mm), where an index
equal to or lower than 0.300 was classified as normal. Female and male mice with Lee index values
higher than 0.300 were classified as obese and included in the study [45].

4.3. Exposure to Cigarette Smoke Extract

Cigarette smoke extract (CSE) was generated from L&M RED LABEL cigarettes (2 cigarettes/mL).
The composition of the cigarettes was as follows: resin 10 mg/Cigarette, nicotine 0.8 mg/ Cigarette, CO
10 mg/CIG. Before obtaining the extract, the cigarette filter was removed; the length of a cigarette with
the filter was 80 mm, 55 mm with the removed filter. The extraction was carried out by stretching the
smoke of a lit cigarette through the phosphate buffer at a constant speed with the help of a vacuum
pump; the cigarette was burned to a length of 5 mm. The burning time of one cigarette was 180 s. To
remove the particles, the extract was filtered through a bacterial filter with a pore size of 45 nm. To
standardize the obtained extract, pH (pH~7) and optical density were measured at wavelengths of 405
and 540 nm (D405~237, D540~123) before and after filtration.

On p126, lung emphysema was induced by intratracheal administration of lipopolysaccharide
(LPS, Sigma, St. Louis, MO, USA) and CSE [46,47]. LPS at a dose of 3 μg/mouse in 50 μL phosphate
buffer and 50 μL CSE were administered intratracheally. For the introduction of LPS and CSE, general
anesthesia (pentobarbital) was used. LPS was administered on p126 and p129. CSE was introduced on
p127, p130, 133, p136, p139, p142, p149, p156, p163, and p170 (Figure 10).

4.4. Pharmacological Compounds

Glucagon-like peptide-1 (GLP-1) was obtained from Sigma (St. Louis, MO, USA). Pegylation
on free amino groups of the peptide was carried out using succinimide pegylating agent Sunbright
ME-120 TS (NOF America Corporation, San Mateo, CA, USA), for which 1 mg of lyophilizate was
dissolved in 2 mL of 20 mm Na-phosphate buffer, pH 7, containing 0.01% TWEEN 20 (Sigma, St. Louis,
MO, USA), then 20 mg of pegylating agent (NOF America Corporation, San Mateo, CA, USA) was
added to the solution. The reaction was stopped by the application of 200 μL of 0.1 M glycine solution.
The molecular weight of GLP-1 was assessed by electrophoresis in polyacrylamide gel with SDS
(Sodium dodecyl sulfate, Sigma, St. Louis, MO, USA) using a standard technique. Prior to pegylation,
the samples contained 100% GLP-1. After pegylation, the samples contained 7% GLP- 1, 78% of
monopeg-GLP-1, and 15% double peg-GLP-1.

GLP-1 and pegGLP-1 were daily administered intraperitoneally in the region of the pancreas at a
dose of 3 mmol/kg on p149, 156, 157, 173, 184, 186, and 188 (Figure 10).
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Figure 10. Schematic diagram of the experimental procedures.

4.5. Experimental Groups

Healthy mice treated with a saline solution formed the control groups: female control group
(f1), and male control group (m1) (Table 1). Mice with metabolic disorders (MD) were divided into
two groups: metabolic disorders group, females (f2), metabolic disorders group, males (m2). Mice
with lung emphysema were divided into two groups: lung emphysema group, females (f3), lung
emphysema group, males (m3). Mice with metabolic disorders and pulmonary emphysema were
divided into two groups: metabolic disorders and pulmonary emphysema group, females (f4), and
metabolic disorders and pulmonary emphysema, males (m4). GLP-1-treated mice with metabolic
disorders and emphysema of the lungs were divided into two groups: GLP-1 treatment of metabolic
disorders and emphysema, females (f5), and GLP-1 treatment of metabolic disorders and emphysema,
males (m5). PegGLP-1-treated mice with metabolic disorders and emphysema of the lungs were
divided into two groups: pegGLP-1 treatment of metabolic disorders and emphysema group, females
(f6), and pegGLP-1 treatment of metabolic disorders and lung emphysema group, males (m6). All
mice were culled on p189 by CO2 asphyxia.

Table 1. Experimental groups in vivo.

Control
Groups

Metabolic
Disorders

Lung
Emphysema

Metabolic
Disorders + Lung

Emphysema

Metabolic Disorders
+ Lung Emphysema

+ GLP-1

Metabolic Disorders
+ Lung Emphysema
+ pegGLP-1

Females f1 1

(n = 10)
f2

(n = 10)
f3

(n = 10)
f4

(n = 10)
f5

(n = 10)
f6

(n = 10)

Males m1 2

(n = 10)
m2

(n = 10)
m3

(n = 10)
m4

(n = 10)
m5

(n = 10)
m6

(n = 10)
1 f—Females, 2 m—males.

4.6. Body Mass Index (BMI)

On the day before culling (p188), BMI and Lee indexes were calculated. Briefly, BMI was calculated
using the formula:

BMI = body weight (g)/body length2 (cm)

where body length was measured from the tip of the nose to the anus [43]. The Lee index was calculated
as described above.

4.7. Glucose Tolerance Test (GTT)

Blood glucose levels were measured using a glucometer (Accu-Chek Performa Nano (Roche
Diagnostics GmbH, Mannheim, Germany). A glucose tolerance test was performed on p188.
Measurements of the initial level of glucose in the blood of animals were performed after 12 h
of food deprivation. Subsequently, glucose was administered intragastrically (D-glucose, Sigma,
St. Louis, MO, USA) at a dose of 2 g/kg. Blood samples to study glucose levels were taken 0, 15, 30, 60,
90 min after glucose administration [48].
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4.8. Lipid Profile Determination

The lipid profile was determined on p189. Blood samples were taken from each animal in tubes
without additives, kept at room temperature for 30 min, and then centrifuged at 300× g for 30 min.
The serum was separated and used to study lipid profile parameters. The concentration of cholesterol
and TG was determined by direct enzymatic methods using BioSystems reagents (Barcelona, Spain) in
accordance with the manufacturer’s instructions. Fractions of cholesterol, TG, high-density lipoproteins
(HDL), low-density lipoproteins (LDL), and very-low-density lipoproteins (VLDL) were precipitated
with phosphor-wolframate and polyvinyl sulfate, respectively, and their concentration was determined
by the level of residual cholesterol. All the results were expressed as mmol/l. On p189, TG/HDL was
assessed, as previously described in [49,50].

4.9. Lung Tissue Histology

The morphological examination of lungs was performed on p189. Briefly, the left lobe of the
lung was fixed in a 10% solution of neutral formalin, carried out through alcohols of ascending
concentrations to xylene, and poured into paraffin according to a standard procedure. Five micrometer
thick dewaxed cuts were stained with hematoxylin and eosin [51]. Micro-preparations from each
experimental animal were examined an Axio Lab.A1 light microscope (Carl Zeiss, MicroImaging
GmbH, Göttingen, Germany) at 100× and 400×magnifications. Histoarchitecture of lung tissue and
pathophysiological features of the tissue, including the presence of edema and inflammatory infiltration,
venous congestion, as well as thickening of vessel walls and bronchi, were assessed [48,52,53].

4.10. Flow Cytometry

Mononuclear cells from the blood, bone marrow, and lung tissue were obtained, as previously
described on p189 [20,54], followed by flow cytometric analysis of the expression of surface
markers of mouse mononuclear cells. Briefly, cell suspensions were stained with the following
fluorophore-conjugated monoclonal antibodies: CD45 PerCP, CD31 APC, CD34 FITC, CD146
PerCP-Cy5.5, CD309 (Flk-1) APC, and CD117 (c-kit) PeCy7 (all Becton Dickinson, San Jose, CA,
USA). Appropriate isotype controls were used. Labeled cells were thoroughly washed with PBS and
analyzed on a FACSCanto II flow cytometer (Becton Dickinson, San Jose, CA, USA) using FACS Diva
software. At least 100,000 events were recorded for each sample.

4.11. Lung Tissue Dissociation and Magnetic Separation of CD31+ Cells

The effects of GLP-1 and pegGLP-1 on CD31+ lung cells in vitro were studied on p189 in cells
isolated from an animal in the groups f1, m1, f4, and m4. Lungs were isolated, and the lung tissue was
mechanically and enzymatically dissociated, followed by magnetic sorting for CD31+, as previously
described [20].

4.12. Cultivation of CD31+ Cells

After 5-days of cultivation, CD31+ cells from f1, m1, f4, and m4 mice were harvested using tryptic
digestion, and the cells were plated in a concentration of 3 × 105 cells/1 mL medium in gelatin-coated
flasks. M199 standard cultivation medium was supplemented with GLP-1 (10−7 M) or pegGLP-1
(10−7 M) (Table 2) followed by cultivation under standard conditions (3.5% CO2, 37 ◦C) for 24 h. In the
following, the effects of GLP-1 and pegGLP-1 on CD31+ cells were evaluated by flow cytometry and
imaging using the Cytation™ 3 imaging system [20].
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Table 2. Experimental groups in vitro.

Drugs Introduced
into the Culture

CD31+ Cells

CD31+ Cell Culture

Group f1
(Control Groups)

Group m1
(Control Groups)

Group f4
(MD + Lung Emphysema)

Group m4
(MD + Lung Emphysema)

PBS + + + +
GLP-1 + + + +

pegGLP-1 + + + +

4.13. Cellular Imaging

Images of CD31+ cells were obtained using a Cytation 3 Cell Imaging multimode reader (BioTek
Instruments, Inc., Winooski, VT, USA) equipped with DAPI, GFP, and Texas Red light cubes. Cells
were stained with Hoechst 33342, Annexin V-iFluor™ 350 CFSE, and 7-AAD. Images were analyzed
using Gen5™ data analysis software (Bad Friedrichshall, Germany), as described before [20].

4.14. Statistical Analysis

Statistical analysis was performed using SPSS statistical software (version 15.0, SPSS Inc., Chicago,
IL, USA). Data were analyzed and presented as means ± standard error of the mean. Statistical
significance was evaluated by Student’s t-test (for parametric data), or Mann–Whitney test (for
nonparametric data) was used according to distribution. A p-value of less than 0.05 (by two-tailed
testing) was considered an indicator of statistical significance.
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Abbreviations

COPD Chronic obstructive pulmonary disease
EPC Endothelial progenitor cells
GLP-1 Glucagon-like peptide 1
pegGLP-1 Pegylated Glucagon-like peptide 1
MetS Metabolic syndrome
MD Metabolic disorder
BMI Body mass index
MSG Monosodium glutamate
LPS Lipopolysaccharide
CSE Cigarette smoke extract
AUC Area under the Curve
GTT Glucose tolerance test
TG Triglycerides
HDL High-density lipoproteins
LDL Low-density lipoproteins
VLDL Very low-density lipoproteins
MSC Mesenchymal stromal/stem cells
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Abstract: The development of new therapeutic options against Clostridioides difficile (C. difficile)
infection is a critical public health concern, as the causative bacterium is highly resistant to
multiple classes of antibiotics. Antimicrobial host-defense peptides (HDPs) are highly effective
at simultaneously modulating the immune system function and directly killing bacteria through
membrane disruption and oxidative damage. The copper-binding HDPs piscidin 1 and piscidin
3 have previously shown potent antimicrobial activity against a number of Gram-negative and
Gram-positive bacterial species but have never been investigated in an anaerobic environment.
Synergy between piscidins and metal ions increases bacterial killing aerobically. Here, we performed
growth inhibition and time-kill assays against C. difficile showing that both piscidins suppress
proliferation of C. difficile by killing bacterial cells. Microscopy experiments show that the peptides
accumulate at sites of membrane curvature. We find that both piscidins are effective against epidemic
C. difficile strains that are highly resistant to other stresses. Notably, copper does not enhance piscidin
activity against C. difficile. Thus, while antimicrobial activity of piscidin peptides is conserved in
aerobic and anaerobic settings, the peptide–copper interaction depends on environmental oxygen to
achieve its maximum potency. The development of pharmaceuticals from HDPs such as piscidin will
necessitate consideration of oxygen levels in the targeted tissue.

Keywords: host defense peptides; membrane activity; copper; piscidins; Clostridioides difficile

1. Introduction

Clostridioides (formerly Clostridium) difficile infection (CDI), whose symptoms can include
inflammation, profuse diarrhea, and pseudomembranous colitis, has been recognized as an urgent
public health threat in the United States and other industrialized nations [1,2]. CDI is primarily
a hospital-acquired disease, as disruption of the native gut microbiota by prior antibiotic usage is the
major risk factor for C. difficile colonization, although the number of community-acquired infections
has increased in recent years [3,4]. The severity of CDI has also increased during the 21st century with
the emergence of so-called “hypervirulent” epidemic ribotypes of the bacterium, most notably ribotype
027, that are associated with higher levels of disease recurrence and death in infected patients [3,5–7].
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C. difficile is resistant to several families of antibiotics, including penicillin-family beta lactams and
fluoroquinolones, and is increasingly resistant to next-generation therapeutics including fidaxomicin
and vancomycin [6,8,9]. Currently, the most clinically effective treatment for CDI is replenishment of
the protective gut microbiota through fecal transplants. As these procedures have a high inherent risk of
introducing uncharacterized pathogens and are not recommended for immunocompromised patients,
there is great interest in the development of new strategies for prevention and treatment [10–13].

C. difficile persists in the environment in the form of metabolically dormant spores, which are
highly resilient to chemical and physical stresses and remain viable for months [14,15]. If mammals
ingest these spores, amino acids and bile salts in the digestive system trigger their germination into
metabolically active vegetative cells [16–18]. Vegetative C. difficile often cannot integrate well into
the diverse, metabolically efficient microbial ecosystem of a healthy intestinal microbiome but can
take advantage of the loss of bacterial species diversity and rise in nutrient availability induced by
antibiotic exposure to establish colonization [19–22]. C. difficile colonization triggers the innate immune
response, including the release of reactive oxygen species (ROS) and cationic host defense peptides
(HDPs) [23–25]. These antimicrobial peptides can kill bacterial cells directly through a number of
mechanisms, attacking the cell membrane and/or intracellular targets, and indirectly by activating
the host innate immune response [26–29]. As these peptides have multiple cellular targets, bacteria
cannot quickly develop or transmit genetically encoded resistance to them, and they are a promising
precursor for the development of stand-alone antibiotics or adjuvants designed to work synergistically
with existing antibiotics [30,31].

Piscidins are a family of HDPs found in teleost (bony) fish species with demonstrated efficacy
against a wide range of bacteria and viruses [32–35]. The piscidins p1 (FFHHIFRGIVHVGKTIHRLVTG)
and p3 (FIHHIFRGIVHAGRSIGRFLTG), which are derived from the mast cells of hybrid striped sea
bass, exhibit broad spectrum antibacterial activity although their mechanisms of action differ [36,37].
Both peptides localize to bacterial cell membranes and are internalized at sub-lethal concentrations.
While p1 is more damaging to membrane integrity than p3, the latter is more disruptive to DNA [36].
Furthermore, studies done on live bacteria and model membranes indicate that the peptides, especially
p1, take advantage of lipid heterogeneity to deploy their mechanism of membrane disruption [36,38].
Recently, we demonstrated that under aerobic conditions both peptides use their amino-terminal copper-
and nickel-binding (ATCUN) motifs to coordinate Cu2+ with picomolar affinity [37,39]. Piscidin-copper
complexes form ROS and exhibit nuclease activity against double stranded DNA, resulting in increased
lethality against multiple bacterial species [37]. Such copper-ATCUN complexes can serve as sources
of oxidative stress, increasing peptide lethality against bacteria in an aerobic environment [40–42].
Oxidative stress can be harmful or lethal to organisms, depending on their oxidative stress tolerance.
Obligate anaerobes such as Clostridia are considered completely intolerant to oxygen, although they
can employ scavenger and reductase enzymes to survive transient exposure to environmental oxygen
or immune-mediated oxidative bursts [15,23,43–45]. Application of antimicrobial peptides sensitizes
C. difficile to antibiotics, although epidemic strains from ribotype 027 are less sensitive than other
strains [31,46].

Importantly, as HDPs, piscidins have immunomodulatory effects. In particular, our investigations
have demonstrated that both p1 and p3 induce chemotaxis in neutrophils [39]. These effects are
exclusively mediated by formyl peptide receptors 1 and 2 (FPR1 and FPR2), both of which are G-protein
coupled receptors (GPCRs) that play important functions in the immune system [47–51]. Interestingly,
Cu2+-coordination decreases the chemotactic effects of p1 and p3, suggesting a regulatory effect of
copper between the direct and indirect antimicrobial effects of the peptides [39]. Given the role of
FPR2 for the resolution of inflammation, it has become an important drug target [47–49]. P1 has
also been shown to decrease the inflammatory response through a process that may involve binding
lipopolysaccharides and decreasing toll-like receptor (TLR)-mediated inflammatory pathways [52,53].
The immunomodulatory properties of HPDs such as piscidin have emerged as an important topic
of research given that these effects are indirect, and thus unlikely to activate mechanisms of drug
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resistance observed with traditional antibiotics that directly attack bacteria [54–59]. In addition, HDP
modulation of the inflammatory immune response can mitigate infection symptoms and has been
shown to reduce toxin-dependent inflammation in mouse models of C. difficile infection [60].

As indicated above, the antimicrobial effects of piscidin have previously been measured in aerobic
environments. However, there is a ten-fold range of partial oxygen pressure among the tissues of
the human body, with organs such as the large intestine providing a habitat for anaerobic microbes,
both commensal and pathogenic [61]. Here, we report that the antimicrobial activity of p1 and p3
differ in aerobic and anaerobic environments. In an anaerobic environment, both p1 and p3 are
incorporated into C. difficile cells, inhibit bacterial proliferation, and are highly toxic against actively
dividing C. difficile. Both peptides associate extensively with bacterial cell membranes, exhibiting
preferential localization at sites of high curvature such as cell poles and septa. In contrast to previously
observed aerobic data, anaerobic piscidin antibacterial activity does not appear to be enhanced by
metal complex formation. Our findings suggest that the mechanism by which these peptides induce
bacterial cell death is influenced by the availability of environmental oxygen. It is clear that future
mechanistic investigations of HDPs focused on potential medical applications must account for oxygen
levels at the desired site of action in order to accurately model antimicrobial activity.

2. Results

2.1. Piscidins Are Incorporated into C. difficile and Appear to Localize to Sites of Membrane Curvature

Confocal microscopy of fixed bacterial cells exposed to fluorescently labeled p1 and p3 has
previously shown that they enter both Gram-negative and Gram-positive bacterial cells and appear
to be concentrated at bacterial nucleoids and cell septa [36,39]. We exposed live C. difficile R20291
cells to 0.75 μM 5-carboxytetramethylrhodamine (TAMRA)-labeled p1 and p3 and observed peptide
uptake and localization in unfixed live cells. As C. difficile exhibits green autoflouresence, the red
TAMRA labeling was distinct from any intrinsic signal produced by the cells [62]. Exponential-phase
cells and peptides were mixed and sealed within microscopy chambers in an anaerobic chamber
and then transported to the microscope, resulting in a 6-min delay between the onset of peptide
exposure and the first image [63]. Mean fluorescence intensity within cells was stable over the course
of 1 h of monitoring, indicating that peptide incorporation into cells occurs within the first few min of
exposure (Figure 1A,B). Peptide integration appeared to be complete within 6 min even at lower peptide
concentrations of 0.25 and 0.075 μM (data not shown). The addition of additional unlabeled peptide or
unlabeled peptide complexed with Cu2+ did not increase fluorescence intensity, and thus there was no
evidence of potential cooperativity in peptide uptake. There were distinct fluorescent puncta at the
septa of predivisional cells (Figure 1C,E,F), consistent with prior observations in Escherichia coli (E. coli)
and Bacillus megaterium (B. megaterium) [36]. In addition, there were fluorescent puncta at cell poles,
suggesting that piscidins generally localize to sites of high curvature (Figure 1D). While unlabeled cells
were motile and maintained rod-like shapes, many of the fluorescently labeled cells exhibited curvature
or surface irregularities suggestive of cell envelope damage (Figure 1E). Performing these experiments
on live cells allowed real-time observation of cellular response to peptide intoxication. We observed
a motile chain of predivisional rod-shaped cells over the course of 10 min (Figure 1G). During this
time, the chain of cells took up labeled p1 at one pole and subsequently developed progressively
severe curvature at cell septa and separated into smaller fragments (Figure 1G). The resulting pieces
were asymmetrically curved and non-motile, indicating that lysis rather than healthy cell division
had occurred.
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Figure 1. Incorporation of TAMRA-piscidin into live C. difficile. (A,B) Fluorescent signal per cell of
0.75 μM TAMRA-labeled p1 (A) and p3 (B) mixed with live C. difficile R20291. Cells had already reached
maximum peptide incorporation by the time recording began, roughly 6 min after peptides and cells
were mixed. Addition of unlabeled peptide, in the presence or absence of equimolar amounts of copper
sulfate, did not cooperatively increase peptide incorporation. (C–F) Representative images of C. difficile
labeled with: (C) 0.75 μM TAMRA-labeled p1 plus 0.75 μM unlabeled p1; (D) 0.75 μM TAMRA-labeled
p3; (E) 0.75 μM TAMRA-labeled p1 plus 2.25 μM unlabeled p1; (F) 0.75 μM TAMRA-labeled p1 plus
0.75 μM unlabeled p1. (G) Timecourse showing the rupture of a pre-divisional cell labeled with 0.75 μM
TAMRA-labeled p1 plus 0.75 μM unlabeled p1. Scale bars in panels (C–F) represent 10 μm. Scale bar in
panel (G) represents 5 μm.

2.2. Piscidins Prevent C. difficile Proliferation

In order to measure the inhibitory effects of piscidin peptides on C. difficile growth we inoculated
C. difficile strains 630Δerm and R20291 into a medium containing the peptides. C. difficile 630Δerm is
an erythromycin-sensitive derivative of the reference strain C. difficile 630, while R20291 is an epidemic
strain isolated from a 2003–2005 hospital outbreak of C. difficile infection in the United Kingdom [64,65].
R20291 is a so-called “hypervirulent” strain of ribotype 027 and is more resistant than 630 to multiple
classes of antibiotics including clindamycin and ciprofloxacin [66–69]. The presence of piscidin peptides
prevented C. difficile proliferation. Notably, R20291 was as susceptible as 630Δerm to growth inhibition
by piscidin. p1 inhibited proliferation of both strains at concentrations at or above 4.00 μM and p3
inhibited growth at or above 8.00 μM (Figure 2).
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Figure 2. Piscidins inhibit C. difficile growth. Optical densities of overnight C. difficile 630Δerm and
R20291 cultures grown in the presence of the indicated concentrations of piscidins. Data shown are the
means and standard deviations of four biologically independent samples.

2.3. Piscidins Reduce Established C. difficile Populations

Growth inhibition assays do not distinguish between substances that kill cells and bacteriostatic
substances that inhibit growth only if compounds are present in sufficient quantities prior to bacterial
proliferation. To confirm that piscidins are capable of reducing the number of viable cells in established
bacterial populations, we performed time-kill assays to confirm that the number of viable C. difficile
R20291 cells in exponentially growing culture decreases with exposure to p1 and p3 at sub-inhibitory
concentrations. As shown in Figure 3, both p1 and p3 reduce C. difficile viability at half of the concentration
needed to inhibit bacterial growth. The addition of 2.00 μM p1 significantly reduces the number of
viable cells in the culture within 30 min, with continued loss of colony forming units over the course of
4 h (Figure 3A). Similarly, incubation with 4.00 μM p3 significantly reduced the number of viable cells
within 30 min (Figure 3B). The bacterial killing by both p1 and p3 against E. coli in aerobic environments
is exacerbated by the addition of equimolar copper, which complexes with the peptides, resulting in
covalent damage to lipids and DNA [37]. We investigated the effect of adding copper sulfate to the
anaerobic C. difficile killing assays at the same molar concentration as the piscidins. The addition of copper
ions had no observable effect on p1 lethality at any of the timepoints examined (Figure 3A). Copper
did appear to accelerate killing by p3 at 30 min and 2 h post-treatment, but the differences between
peptide alone and peptide with copper had disappeared by 4 h post-treatment (Figure 3B). To investigate
the possibility that copper ions were being chelated by other factors present in the tryptone-yeast (TY)
medium and not actually forming complexes with piscidins, we repeated the assays with pre-formed
piscidin-copper complexes. Copper allowed to form complexes with p1 prior to addition to the bacteria
cultures still had no additional impact on p1 killing of C. difficile (Figure 3A) compared to apo p1.
Pre-formed p3-copper complexes behaved like p3 in the absence of copper, killing C. difficile more slowly
than p3 with copper added separately, but differences between the two conditions disappeared within
4 h (Figure 3B). This confirms that copper does not enhance the antimicrobial effects of piscidins under
anaerobic conditions.
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Figure 3. Copper does not accelerate anaerobic C. difficile killing by piscidins. Time-kill assays
comparing viable colony forming units per milliliter (CFU/mL) of bacterial culture before exposure to
p1 (A) and p3 (B) with the CFU/mL 30 min, 2, and 4 h post-exposure. Cells were exposed to peptides
(p1 and p3), peptides and equimolar copper sulfate added simultaneously (p1 + Cu and p3 + Cu), and
peptides allowed to form piscidin-copper complexes in an aerobic environment prior to addition to the
anaerobic bacterial cultures ((p1Cu) and (p3Cu)). CFU/mL in treated samples were compared to those
in untreated samples and to each other using two-way ANOVA with Tukey’s post-test comparison. nt,
not treated; n.s., not significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.4. Copper Is Toxic to Anaerobically Growing C. difficile

It has been previously suggested the antimicrobial synergy of ATCUN-containing HDPs depends
upon environmental dioxygen, which could account for the inability of copper ions to enhance piscidin
activity against C. difficile [40,70,71]. To define the effects of copper alone against C. difficile, we determined
that the copper concentration of the TY growth medium used to culture C. difficile under anaerobic
conditions (Figure 4A) is 1.46 μM, which is lower than that of the Mueller-Hinton broth previously used
to culture E. coli and Pseudomonas aeruginosa under aerobic conditions [37,72]. We found that copper salts
are capable of inhibiting C. difficile growth at the same concentrations used in the time-kill assays with
piscidins. The epidemic strain R20291 is less susceptible to copper inhibition that the historical strain
630Δerm (Figure 4B). Actively dividing R20291 cells in the exponential phase are also killed by exposure
to micromolar concentrations of copper sulfate (Figure 4C).
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erm

Figure 4. Copper is still antimicrobial in anaerobic environments. (A) Copper concentration of TY
medium. (B) Optical densities of overnight C. difficile 630Δerm and R20291 cultures grown in the
presence of the indicated concentrations of copper sulfate. Data shown are the means and standard
deviations of four biologically independent samples. (C) Time-kill assays comparing viable colony
forming units per milliliter (CFU/mL) of bacterial culture before exposure to the indicated concentrations
of copper sulfate with the CFU/mL 30 min, 2, and 4 h post-exposure. CFU/mL in treated samples
were compared to those in untreated samples and to each other using two-way ANOVA with Tukey’s
post-test comparison. nt, not treated; n.s., not significant; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Discussion

The development of new therapies to combat antibiotic-resistant infections, including C. difficile
infection, is an urgent public health priority. Antimicrobial peptides capable of simultaneously killing
bacterial pathogens and stimulating the host innate system are a promising avenue for the development
of new antimicrobial therapies. Piscidins previously showed efficacy against Gram-negative and
-positive bacteria in aerobic environments [37]. Here, we investigated their effect on anaerobic bacteria.
While piscidins are still highly lethal against C. difficile growing anaerobically, we found that piscidin
growth inhibition and killing against C. difficile were not enhanced by the addition of Cu2+. This is
true despite the fact that copper alone is capable of inhibiting C. difficile growth and killing actively
growing C. difficile cells. While in aerobic environments, the bacterial response to piscidins with
Cu2+ is greater than that to either piscidins or copper alone, it appears that the anaerobic response to
piscidin with copper is less than the sum of the parts, and thus does not feature the synergistic effects
observed aerobically.

Bacteria employ general stress response pathways that can be activated by multiple diverse
extracellular stresses. Bacterial cells that have previously been exposed to an extracellular stress,
such as starvation or oxidative stress, demonstrate increased resilience against unrelated threats,
such as antibiotic exposure [73,74]. The fact that the C. difficile strains 630Δerm and R20291 exhibit
identical inhibition in response to p1 and p3, but differential inhibition to copper alone, suggests
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that piscidins and copper inhibit bacterial growth and viability by different mechanisms. This makes
sense because Cu2+ has no specificity while piscidin does. It should be noted that free Cu2+ in vivo
is highly toxic to mammalian as well as bacterial cells, and complexation by HDPs such as p1 and
p3 can provide the critical specificity of targeting the metal ions to bacterial rather than host cells.
HDPs are a viable treatment option against both aerobic and anaerobic bacteria, and in the case of
C. difficile, it is extremely encouraging that the epidemic strain R20291 is just as susceptible to HDP
inhibition and killing as the less robust 630Δerm strain. As the symptoms of C. difficile infection are
largely inflammatory, and treatments based on piscidins could potentially reduce inflammation while
killing the causative pathogen, this is a very promising strategy to pursue. However, it is clear that
while clinical antibiotics derived from HDPs would benefit from the inclusion of copper in tissues with
high levels of oxygen, such as the lungs, antibiotics targeted to less aerobic tissues, such as the kidneys
or large intestine, may not. Future work to investigate the interaction of piscidins with C. difficile in
animal models of infection will be necessary to determine whether copper could or should be included
with the peptides. More broadly, it appears that clinical treatments developed from HDPs should be
designed in a tissue-specific manner, as metal ion adjuvants may be beneficial or necessary in some
organs and unneeded in others, based on the oxygen levels at the site of activity.

4. Materials and Methods

4.1. Materials, Chemicals, Bacterial Strains and Growth Conditions

Materials and chemicals were purchased from Fisher Scientific (Hampton, NH, USA) unless
otherwise indicated. The bacterial strains used in this study are listed in Table S1. C. difficile 630Δerm
and R20291 were maintained on brain-heart infusion supplemented with 5% yeast extract (BHIS)
agar plates and liquid cultures were grown in TY medium [16,75,76]. All anaerobic bacterial culture
took place at 37 ◦C in a Coy anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) with
an atmosphere of 85% N2, 10% CO2, 5% H2. All plastic consumables were allowed to equilibrate in the
anaerobic chamber for a minimum of 72 h.

4.2. Peptide Synthesis

Caboxyamidated p1 (MW 2571) and p3 (MW 2492) were synthesized using Fmoc chemistry at
the University of Texas Southwestern Medical Center (Dallas, TX, USA). For the TAMRA-labeled
forms of the peptides, the fluorescent label was attached to the amino-end of the peptides before
cleavage from the resin. The peptides were purified at William and Mary on a Waters HPLC system
using a C18 X-Bridge Waters column (Milford, MA, USA) and acetonitrile/water gradient acidified
with 0.1% trifluoroacetic acid, as previously described [77,78]. After removal of the organic phase,
the peptides were lyophilized. Next, they were dissolved in dilute HCl and dialyzed to remove residual
trifluoroacetic acid. The purification steps yielded 98% pure peptides based on HPLC chromatograms
and mass spectrometry data. HPLC chromatograms and mass spectra collected at William and Mary on
the purified peptides are included in the Supplementary Information (Figures S1 and S2). The purified
peptides were dissolved in nanopure water. The concentrations of p1 and p3 were determined by
amino acid analysis at the Texas A&M Protein Chemistry Center (College Station, TX, USA). Metallation
of each peptide was achieved when an equimolar of CuSO4 was added to the medium (see below).
For the TAMRA-labeled peptides, the absorbance at 547 nm was used to quantify their concentrations.
To avoid photobleaching of the fluorescent probe, the TAMRA-labeled peptides were protected from
light by wrapping containers with foil.

4.3. Microscopy

Live-cell, time-lapse, wide-field fluorescence, and differential interference contrast (DC) microscopy
of the interaction between TAMRA-labeled piscidin peptides and C. difficile R20291 bacteria was performed
on a Nikon Ti-E inverted microscope equipped with apochromatic TIRF 60X oil immersion objective lens
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(N.A. 1.49), pco.edge 4.2 LT sCMOS camera, and SOLA SE II 365 Light Engine as well as complementary
DIC components (Nikon Instruments Inc, Melville, NY, USA). Mid-logarithmic phase cells and peptides
at the indicated concentration were mixed inside the anaerobic chamber and injected into home-built
anaerobic rose-type imaging chambers as previously described [63]. Imaging chambers were removed
from the anaerobic chamber and placed on the microscope. The microscope was maintained at 37 ◦C
using a home-built enclosure and a Nevtek Air Stream microscope stage warmer (Nevtek, Williamsville,
VA, USA). Nikon Perfect Focus system (Nikon Instruments Inc, Melville, NY, USA) was employed
to eliminate focal drift during recordings. Movies consisting of a fluorescence and DIC image each
minute for 60 min were then recorded for each condition. Movies started 6–8 min after the bacteria and
peptide were mixed. Data analysis was performed using the Nikon Elements imaging suite. During
the recordings the amount of fluorescence background increased with time, presumably as peptide
was deposited on the coverslip surface. During analysis this background change was corrected using
background-leveling tools, then a second rolling-ball type background correction was used to remove
imaging artifacts. A thresholded binary mask was then applied to the fluorescence images to isolate and
count each fluorescent object (peptide-labeled bacteria) in the movie. Fluorescence levels of objects were
monitored as a function of time.

4.4. Growth Inhibition Assays

Two-fold dilution series of TY medium containing the indicated concentrations of peptide and/or
copper salts were prepared in sterile 96-well plates as detailed in Wiegand et al. [79]. Wells containing
200 μL of medium were inoculated with 20 μL of saturated overnight culture of C. difficile 630Δerm
or R20291 containing approximately 108 CFU/mL and incubated anaerobically for 16 h at 37 ◦C.
Closed microplates were removed from the anaerobic chamber and the outsides of the plates were
disinfected with 10% bleach before examination to determine the minimum concentration of each
peptide and/or metal ion sufficient to complete inhibit visible growth. Culture density at 630 nm was
measured in a BioTek (Winooski, VT, USA) microplate reader. As removal from the anaerobic chamber
killed the anaerobic C. difficile bacteria, we were not able to plate samples to determine CFU/mL after
spectroscopic measurements. Inhibitory concentrations were reported as the peptide concentration
necessary to reduce the overnight OD630 by at least 50% from that of untreated samples. Data reported
are the means and standard deviations of four biologically independent samples.

4.5. Time-Kill Assays

3 mL of TY media were inoculated with single colonies of C. difficile R20291 and allowed to grow
at 37 ◦C to an optical density at 600 nm (OD600) of 0.5–0.7. At the onset of the experiment 20 μL
aliquots were removed from the exponentially growing culture and inoculated into fresh TY medium
containing the indicated concentration of peptide and/or copper sulfate (CuSO4). The final volume was
adjusted to 1 mL with fresh TY medium. After 0, 0.5, 2, and 4 h of incubation at 37 ◦C, 10 μL aliquots
were removed for serial 10-fold dilution in TY. 106 dilutions were plated in duplicate on BHIS agar
plates for colony enumeration. Colony forming units (CFU) were counted after 24 h. Data reported
are the averages of three biologically independent samples measured in duplicate. Treated samples
were compared to untreated samples and to each other by two-way ANOVA using Tukey’s multiple
comparison test with Prism (GraphPad Software, San Diego, CA, USA).

4.6. Atomic Absorption Spectroscopy

The copper concentration in TY medium was measured using an AA-7000 atomic absorption
spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA) with a hollow cathode
lamp using an acetylene flame [80]. Copper from TY medium was detected at 324.8 nm and quantified
using a standard curve of copper chloride (CuCl2) diluted in water.
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Abstract: In recent years immunomodulators have gained a strong interest and represent nowadays
an active expanding area of research for the control of microbial diseases and for their therapeutic
potential in preventing, treating and reducing the morbidity and mortality of different diseases.
Pidotimod (3-L-pyroglutamyl-L-thiaziolidine-4carboxylic acid, PDT) is a synthetic dipeptide, which
possesses immunomodulatory properties and exerts a well-defined pharmacological activity against
infections, but its real mechanism of action is still undefined. Here, we show that PDT is capable of
activating tyrosine phosphorylation-based cell signaling in human primary monocytes and triggering
rapid adhesion and chemotaxis. PDT-induced monocyte migration requires the activation of the
PI3K/Akt signaling pathway and chemokine receptor CXCR3. Indeed, a mAb to CXCR3 and a specific
receptor inhibitor suppressed significantly PDT-dependent chemotaxis, and CXCR3-silenced primary
monocytes lost responsiveness to PDT chemoattraction. Moreover, our results highlighted that the
PDT-induced migratory activity is sustained by the CXCR3A isoform, since CXCR3-transfected L1.2
cells acquired responsiveness to PDT stimulation. Finally, we show that PDT, as CXCR3 ligands, is
also able to direct the migration of IL-2 activated T cells, which express the highest levels of CXCR3
among CXCR3-expressing cells. In conclusion, our study defines a chemokine-like activity for PDT
through CXCR3A and points on the possible role that this synthetic dipeptide may play in leukocyte
trafficking and function. Since recent studies have highlighted diverse therapeutic roles for molecules
which activates CXCR3, our findings call for an exploration of using this dipeptide in different
pathological processes.

Keywords: pidotimod; CXCR3; monocyte; migration; PI3K/Akt pathway; T cell; immunomodulant

1. Introduction

Viruses are the main agents responsible for Acute Respiratory Tract Infections (ARTIs) during the
pediatric age [1]. The introduction of new antibiotics and vaccines has surely contributed to control the
most life-threatening ARTIs but has not had a strong impact on viral ARTIs. Therefore, one efficient
approach in preventing and treating ARTIs is to increase the immune response by enhancing the child’s
innate defense mechanisms. The last decade has seen the emergence of different kinds of natural
and synthetic molecules with different mechanisms of action, called immunomodulators, which have
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been introduced for prophylaxis and treatment of various infectious diseases and inflammation [2–6].
Some of these substances are granulocyte colony-stimulating factor (G-CSF), interferons, imiquimod
and bacterial-derived preparations, which are already licensed for use in patients. Others including
IL-12, various chemokines, synthetic cytosine phosphate-guanosine (CpG) oligodeoxynucleotides and
glucans, have been investigated extensively in clinical and preclinical studies [7]. Another compound,
which exerts a well-defined immunomodulatory and antimicrobial activity against infections is
Pidotimod (3-L-pyroglutamyl-L-thiaziolidine-4carboxylic acid, PDT) [8,9], a synthetic dipeptide on
which research focused particular attention for its properties in prevention and treatment of ARTIs in
childhood. Indeed, different studies have shown that PDT exerts a beneficial effect in children reducing
the number of ARTIs, the severity of signs and symptoms of acute episodes [8,10–14].

In vitro studies, performed using either murine or human cells, have shown that PDT is able to
modulate both innate and adaptive immune responses [15]. In particular, this dipeptide upregulates
the expression of HLA-DR and of the co-stimulatory molecules CD83 and CD86 on dendritic cells (DCs)
inducing their maturation. It also stimulates DCs to release pro-inflammatory molecules, stimulates
natural killer cell activity, inhibits thymocyte apoptosis and potentiates phagocytosis [16–19]. This
dipeptide has also been described to enhance the proliferation of mitogen-activated peripheral blood
mononuclear cells (PBMCs) and increase the production of cytokines, as IFN-α, IFN-γ and IL-12, crucial
to drive T cell proliferation and differentiation towards a Th1 phenotype [16,19,20]. More recently,
Fogli et al. (2014) showed that the treatment of PBMCs and monocytes with PDT led to a significant
attenuation of the inflammatory response to TLR agonists. Since TLRs are key components in pathogen
recognition and critical mediators in the early response to foreign microorganisms, attenuation of
the inflammatory response to TLR agonists by PDT represents an important immunomodulating
effect [21].

Currently, the research focused on this molecule has attempted to better elucidate its mechanism of
action. The ability of PDT to modulate different aspects of both innate and adaptive immune response
leaves to speculate that this dipeptide might exert its function through the involvement of one or more
cytokine/chemokine receptors. Indeed, these receptors play an essential role in the immune response
and are responsible for activation and recruitment of immune cells at infection and inflammation sites,
contributing to the induction and exacerbation of chronic inflammatory reactions. However, despite
the numerous efforts, there are limited information about the cellular receptor(s) engaged on immune
cells and intracellular signaling pathways triggered by this molecule. Currently, a new research input
could be now essential on the role of PDT as immunomodulant, since immunomodulation represents
an adjunct modality which looks promising for control of microbial diseases and in the future could
play a key role in treating and reducing the morbidity and mortality of different diseases.

In this study we investigated the PDT mechanism of action, thus, to better understand how this
dipeptide exerts its biological activities and the why of its efficacy and safety.

Here, we demonstrate that PDT shows a chemokine-like activity through the activation of CXCR3
receptor, in particular CXCRA isoform, and of the PI3K/Akt signaling pathway.

2. Results

PDT activates rapid intracellular tyrosine phosphorylation-based protein signaling on human
primary monocytes.

Rapid phosphorylation of signaling proteins is triggered by immune cell surface receptors and
plays a pivotal role in the regulation of innate and adaptive immune functions. In particular, tyrosine
phosphorylation (pTyr) of signaling proteins is indispensable in the regulatory pathways and represents
a key activation signal, promoted by cytokine/chemokine receptors [22–24]. Therefore, in order to
understand if PDT is able to trigger a cytokine/chemokine receptor, we investigated its capability to
activate in a few min tyrosine phosphorylation-based cell signaling on human primary monocytes.

To this aim monocytes were stimulated at 37 ◦C for 5 min with the dipeptide PDT at different
concentrations (1, 5, 25, 50, 100 μg/mL) and the tripeptide fMLP (10 nM), used as positive control. Data

114



Int. J. Mol. Sci. 2019, 20, 5287

obtained from western blot analysis, using a protein specific anti-phosphotyrosine antibody, show that
extracts from untreated cells have a low basal level of Tyr phosphorylated proteins. At the same time,
PDT dose-response analysis shows that the immunomodulant is able to trigger a rapid increase of Tyr
phosphorylated proteins at concentrations ranging from 5 to 100 μg/mL (Figure 1). As expected, fMLP
induced a significant level of Tyr phosphorylated proteins.

These data show the PDT ability to induce protein tyrosine phosphorylation in monocytes and
suggest the capability of the dipeptide to act probably through a cytokine/chemokine receptor activation.

Figure 1. Effect of PDT stimulation on protein tyrosine phosphorylation in monocytes. Monocytes
were treated for 5 min with 1, 5, 25, 50, 100 μg/mL of PDT and 10 nM of fMLP. Untreated cells were
used as control (NT). Western blot analysis of cells lysates shows that PDT is able to induce an increase
of Tyr phosphorylated proteins at different concentrations tested, as shown by densitometry analysis
and plotting of the pTyr/GAPDH. In the left panel blots from one representative experiment of three
with similar results are shown. In the right panels, values reported for protein Tyr phosphorylation
are the mean ± SD of three independent experiments. Statistical analysis was performed by one-way
ANOVA and the Bonferroni’s post-test was used to compare data, ** p < 0.01, *** p < 0.001.

2.1. PDT Induces Monocyte Adhesion and Migration

Chemokines, through chemokine receptor activation, trigger intracellular signaling events, which
control leukocyte recruitment, a key multi-step process in regulation of immune responses involving
rapid integrin-dependent adhesion and migration of leukocytes [25]. In order to assess the ability of
PDT to functionally activate a chemokine receptor on monocytes, we performed static adhesion and
migration assays. Static adhesion assays were performed on immobilized ligands, as ICAM-1 and
VCAM-1, in response to different concentration of the synthetic dipeptide (1, 5, 10, 50, 100 μg/mL).
Figure 2 shows that PDT triggered a rapid (2 min) concentration-dependent adhesion of primary
human monocytes to ICAM-1 (Figure 2A) and V-CAM (Figure 2B). In particular, PDT significantly
stimulated monocyte adhesion on ICAM-1 at a concentration ranging from 10–50 μg/mL with a peak
at 10 μg/mL (Figure 2A). On the other hand, PDT-induced adhesion on VCAM-1 occurred at a lower
concentration, ranging from 5 to 10 μg/mL and reaching a peak at 5 μg/mL (Figure 2B).

Then, we performed monocyte migration in Transwell chemotaxis assays in response to different
concentrations of the dipeptide (0.05, 0.1, 0.5, 1, 5, 25 μg/mL). In Figure 2C we show that PDT stimulates
chemoattraction of monocytes at a concentration ranging between 0.1 and 5 μg/mL.

These data show that monocyte adhesion requires a higher PDT concentration than that required
for chemotaxis. This phenomenon is common to chemokines and can be elucidated by the findings
of Campbell et al. (1996), who demonstrated that adhesion requires a high agonist concentration
with the simultaneous occupancy of many receptors, whereas chemotaxis occurs at low agonist
concentration. These different requirements for triggering adhesion and chemotaxis are necessary for
their independent regulation [26].
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Overall, these results show the capability of PDT to stimulate rapid adhesion and migration
of human primary monocytes, suggesting a chemokine-like role for the dipeptide and its ability to
transduce, through a chemokine receptor, intracellular signals involved in regulation of cell motility.

Figure 2. Effect of PDT on monocytes adhesion and migration. (A,B) Static adhesion assay on ICAM-1
(A) and VCAM-1 (B). Monocytes were stimulated or not (NT) for 2 min at 37 ◦C with PDT at the
indicated concentrations. Bars represent the means ± SD of 3 independent experiments performed in
triplicate. Statistical analysis was performed by one-way ANOVA and the Bonferroni’s post-test was
used to compare data, *** p < 0.001, * p < 0.05. (C) Transwell migration assays of monocytes in response
to the indicated treatments. Bars represent the means ± SD of 3 independent experiments performed in
triplicate. Statistical analysis was performed by one-way ANOVA and the Bonferroni’s post-test was
used to compare data, *** p < 0.001. NT = not treated.

2.2. PTx Treatment Inhibits PDT-Induced Chemokine Activity and Tyrosine Phosphorylation-based Protein
Signaling in Monocytes

Chemokines bind and signal through seven-transmembrane receptors coupled with the Gi class
of heterotrimeric G proteins. Pertussis toxin (PTx) is known to prevent the Gi proteins interaction with
G protein–coupled receptors, thus blocking intracellular signaling cascade. In order to determine if
PDT receptor is coupled to Gi proteins, monocytes were pretreated with 500 ng/mL of PTx for 2 h at 37
◦C, then stimulated with the dipeptide and tested for their capability to adhere, migrate and trigger
phosphorylation-based cell signaling.

PDT-triggered monocyte adhesion on ICAM-1 and migration were completely inhibited by PTx
pretreatment (Figure 3A and 3C, respectively). In the same assays, as expected, the strong adhesion
and chemotaxis induced by fMLP (100 nM and 10 nM, respectively), a reference chemoattractant able
to transduce intracellular signals through Gi proteins, was inhibited by PTx (Figure 3A,C) [26–28].
The inhibitory effect of PTx was not attributable to a generic toxic effect of PTx pretreatment, because
adhesion of monocytes was retained after 10 min of PMA (phorbol 12-myristate 13-acetate) stimulation
(100 ng/mL) (Figure 3B), and cell migration occurred in response to LPC (L-α-lysophosphatidylcholine,
palmitoyl C16:0, Sigma-Aldrich) (10 μM) (Figure 3C), in line with previous observations [27,29,30].

In addition, to determine if rapid tyrosine phosphorylation-based protein signaling triggered by
the dipeptide was dependent from a receptor coupled with Gi proteins, monocytes were pretreated
with PTx, then stimulated with PDT (5 μg/mL) and tested for their capability to induce protein
tyrosine phosphorylation. Data obtained from western blot analysis, using a protein specific
anti-phosphotyrosine antibody, showed that PDT-triggered protein tyrosine phosphorylation was
completely inhibited by PTx pretreatment (Figure 3D).

Overall, these data showed that PDT induces monocyte adhesion, migration and intracellular
protein tyrosine phosphorylation through a cell surface receptor coupled with the Gi class of
heterodimeric G proteins.
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Figure 3. Effect of PTx on PDT-induced monocytes adhesion, migration and protein tyrosine
phosphorylation. (A, B) Static adhesion assay of monocytes on ICAM-1. Cells pretreated with
500 ng/mL of PTx for 2 h at 37 ◦C were stimulated for 2 min at 37 ◦C with PBS (NT), fMLP (100
nM), PDT (10 μg/mL) (A) or for 10 min with PMA (100 ng/mL) (B). Bars represent the means ± SD
of 3 independent experiments performed in triplicate. Statistical analysis was performed by paired
2-tail Student t test, *** p < 0.001, * p < 0.05. (C) Transwell migration assay of monocytes in response
to the indicated treatments. Monocytes pretreated with PTx were stimulated for 90 min at 37 ◦C
with PBS (NT), LPC (10 μM), fMLP (10 nM) or PDT (0.5 μg/mL). Bars represent the means ± SD of 3
independent experiments performed in triplicate. Statistical analysis was performed by paired 2-tail
Student t test, *** p < 0.001. (D) Monocytes pretreated or not with PTx were stimulated or not for 5 min
at 37 ◦C with PDT (5 μg/mL). Western blot analysis of cell lysates shows that PDT-triggered protein
tyrosine phosphorylation was inhibited by PTx, as shown by densitometry analysis and plotting of the
pTyr/tERK1/2. In the left panel blots from one representative experiment of three with similar results
are shown. In the right panels, values reported for protein Tyr phosphorylation are the mean ± SD of
three independent experiments. Statistical analysis was performed by paired 2-tail Student t test and
the Bonferroni’s post-test was used to compare data, *** p < 0.001. NT = not treated.

2.3. Monocyte Migration Triggered by PDT Requires the Activation of PI3K/Akt Signaling Pathway

Cell migration is governed by a complex network of signal transduction pathways, which involve
lipid second messengers, small GTPases, kinases, cytoskeleton-modifying proteins, and culminates in
the cytoskeletal remodeling and chemoattraction response to ligand-induced receptor activation [31].
In order to investigate the possible signaling pathways responsible for monocyte recruitment triggered
by PDT stimulation, primary human monocytes were pretreated for 60 min at 37 ◦C with inhibitors
of different key signaling molecules and then stimulated with the dipeptide (0.5 μg/mL) to migrate
in a Transwell chemotaxis system. As shown in the Figure 4A, AG490 (10 μM), a specific and potent
inhibitor of the Janus kinase 2 protein (JAK2), as well as PD98059 (10 μM), a MAP kinase/extracellular
signal-regulated kinase (ERK) inhibitor, and staurosporine, a strong inhibitor of Protein Kinase C
(PKC) and other protein kinases, did not impact on monocyte migration induced by PDT (Figure 4A).
On the other hand, PDT-triggered monocyte migration was completely inhibited by two specific
inhibitors of PI3K (wortmannin 100 nM and LY294002 10 μM) and by the specific Akt inhibitor VIII
(1 μM) (Figure 4A). Therefore, in order to confirm the capability of PDT to activate PI3K/Akt signaling
pathways, we assessed by western blot analysis the Akt phosphorylation status at Ser473 in cytosolic
extracts of cells, treated for 5, 30 and 60 min with the dipeptide (5 μg/mL). As shown in Figure 4B,

117



Int. J. Mol. Sci. 2019, 20, 5287

monocytes treated with PDT (0.5 g/mL) for 30 min showed a significant Akt phosphorylation, which
remained sustained up to 60 min.

Overall, these data show that PDT-induced monocyte chemotaxis is due to the activation of the
PI3K/Akt signaling pathway, which is known to be implicated in cell migration and in downstream
signaling of cytokine/chemokine receptors [32,33].

Figure 4. Signaling molecules involved in PDT-triggered monocyte migration. (A) Transwell migration
assay of monocytes in response to the indicated treatments. Monocytes pretreated for 1 h at 37 ◦C with
the inhibitors LY294002 (25 μM), wortmannin (100 nM), Akt inhibitor VIII (1 μM), AG490 (100 μM),
PD98059 (10 μM) and staurosporine (1 nM) were stimulated for 90 min at 37 ◦C with PBS (NT) or
PDT (0.5 μg/mL). Bars represent the means ± SD of 3 independent experiments performed in triplicate.
Statistical analysis was performed by one-way ANOVA and the Bonferroni’s post-test was used to
compare data, *** p < 0.001. (B) Monocytes were stimulated with 5 μg/mL of PDT at 37 ◦C for the
indicated times. Not treated cells (NT) were used as control (lane 1). Western blot analysis of monocyte
lysates shows that PDT activates Akt, as shown by the respective phosphorylation state, verified by
densitometric analysis and plotting of the phospho-Akt/total Akt (pAkt/tAkt). In the left panel blots
from one representative experiment of three with similar results are shown. In the right panel, values
reported for Akt phosphorylation are the mean ± SD of three independent experiments. Statistical
analysis was performed by one-way ANOVA and the Bonferroni’s post-test was used to compare data,
* p < 0.05.

2.4. PDT-Triggered Monocyte Migration Is Mediated by CXCR3

Purinergic receptors are G protein-coupled receptors (GPCR) involved in several cellular functions,
including cell migration and its function is mediated by Gi proteins [34]. So, in order to exclude the
activation of purinergic receptors from the nucleotide release due to a PDT cytotoxic effect, we evaluate
the viability of monocytes treated for 2h with different concentrations of PDT (5, 25, 100 μg/mL) by
CellTiter-Glo®Luminescent Cell Viability Assay, which is based on determination of intracellular ATP
concentration, as indicator of metabolically active cells, and propidium iodide, which can stain nucleic
acids inside of dead or damaged cells. As shown in Figure 5A,B, the cells were metabolically active at
any tested concentration. Therefore, we can exclude a purinergic receptor activation by the dipeptide.

Human monocytes express numerous chemokine receptors, among which CXCR1, CXCR2,
CXCR3, CXCR4 might play a role in PDT chemokine-like activity. Indeed, these receptors are coupled
with the Gi class of G proteins and involved in promoting monocyte migration [35–37]. Therefore,
first we tested whether PDT-triggered monocyte migration could be ascribed to the activation by the
dipeptide of one of these receptors.

To this aim we performed Transwell chemotaxis assays with monocytes pre-treated for 1 h at 37
◦C with neutralizing mAbs to CXCR1, CXCR2, CXCR3, CXCR4 or with a control mAb. The specificity
of the antibodies is reported in Supplementary Material (Figure S1). As shown in Figure 5C, mAb to
CXCR3 significantly inhibited PDT-dependent chemotaxis. Moreover, no inhibition of PDT activity was
observed in monocytes pre-treated with the control mAb or with mAbs to CXCR1, CXCR2 and CXCR4.

118



Int. J. Mol. Sci. 2019, 20, 5287

In order to confirm the involvement of CXCR3 in monocyte migration induced by PDT, we also
performed chemotaxis assays with cells pre-treated 36 h at 37 ◦C with the CXCR3 antagonist AMG487
(0.5 μM). As expected, the antagonist was able to significantly inhibit monocyte migration triggered by
the dipeptide (Figure 5D). The specific effect of AMG487 was confirmed by the fact that fMLP-induced
monocyte migration (10 nM) was not influenced by the presence of this antagonist, and on the other
side, CXCL11-stimulated chemotaxis (10 nM), known to be mediated by CXCR3, was completely
inhibited (Figure 5D).

To further assess the involvement of CXCR3 in PDT chemokine activity, the expression of this
receptor on monocytes was suppressed by silencing, using the AMAXA nucleofection technology
to deliver specific siRNAs. Efficiency of nucleofection was evaluated after 16 h post-nucleofection
by flow cytometric analysis and showed an average of 88% ± 8% nucleoporated monocytes. The
effects of siRNA on CXCR3 expression were evaluated by real-time PCR analysis. As shown in
Figure 5E, approximately 52% inhibition of CXCR3 transcripts was observed in monocytes at 16 h
after nucleofection with CXCR3 siRNAs as compared to monocytes nucleofected with scr siRNA.
The CXCR3 silencing induced a significant inhibition of PDT-triggered migration of monocytes as
compared to cells nucleofected with an unrelated scrambled (scr) siRNAs (Figure 5F). Moreover, as
expected, a significant reduction of monocyte migratory activity to CXCL11 (10 nM) (Figure 5F), one of
the physiological ligands of CXCR3, confirmed the silencing of the receptor. Finally, the specificity of
CXCR3 silencing was confirmed by the finding that fMPL-induced monocyte migration (10 nM) was
not influenced by inhibition of transcripts (Figure 5F).

In conclusion, all these data suggest that PDT-triggered migratory activity of PDT is mediated
by CXCR3.

2.5. The PDT-Induced Migratory Activity Is Sustained by the CXCR3A Isoform

CXCR3 gene is alternatively spliced, generating at least three functional isoforms differing in
either their N or C-terminus. The more studied CXCR3 isoforms are CXCR3A and CXCR3B. It’s known
that G protein recruitment by CXCR3 isoforms is different and leads to different signaling cascades.
Indeed, CXCR3A isoform is linked to Gαi or Gαq proteins, which promote cell migration by activating
the PI3K/Akt pathway [38], while CXCR3B variant has been reported to be pertussis toxin-insensitive
and possibly Gs coupled [39]. Since we have established that PDT acts as a chemokine in a pertussis
toxin-sensitive manner, through activation of PI3K/Akt signaling pathway, we explored if a de novo
expression of CXCR3A was responsible for the dipeptide activity. To this aim, L1.2 cells were used
to express CXCR3A. Cells were nucleofected with fluorescent positive control vector (pmaxGFPTM
Control vector) or pTarget empty vector or expressing human CXCR3A. The efficiency of nucleofection,
evaluated by flow cytometry, was found to be of 86% ± 6% in 3 different experiments. Flow cytometric
analysis showed that a high percentage of cells nucleofected with pTarget-CXCR3A expressed the
receptor on their surface (88% ± 8%), when compared to cells nucleofected with the control empty
vector. The migratory behavior of L1.2 cells expressing the empty vector and CXCR3A receptor
following CXCL11 (10 nM) or PDT stimulation (0.5, 5, 50, 500 ng/mL) was assessed by Transwell
chemotaxis assays. Figure 5G shows that empty vector expression did not induce cells to migrate in
response to PDT or CXCL11. On the other hand, expression of CXCR3A was found to significantly
promote migration in response to CXCL11, the physiological ligand of this receptor, and PDT. The
migratory activity triggered by PDT in CXCR3A expressing L1.2 cells was dose dependent with a peak
of activity at the concentrations of 5 and 50 ng/mL.

Therefore, our results show that a de novo expression of CXCR3A in L1.2 cells is sufficient to
mediate cell migration in response to PDT stimulation.

2.6. Pidotimod Induces Migration of IL-2-Activated T Lymphocytes

Chemokine receptors are specifically and differently expressed on different subsets of leukocytes
to control a selective tissue recruitment of functional immune cells [40]. CXCR3 is rapidly induced
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on resting T cells following activation and plays an important role in T cell trafficking and function.
Therefore, in order to confirm a chemokine-like activity for PDT through the CXCR3 receptor, we
performed migration assays with a 5-μm Transwell chemotaxis system on IL-2-activated T cells, which
express high levels of this receptor on their surface [40], in response to different PDT concentrations (0.01,
0.05, 0.1, 0.5, 1, 5, 25, 50 μg/mL). As expected, PDT stimulated a statistically significant chemoattraction
of IL-2-activated T lymphocytes and its activity occurred at a concentration ranging between 0.05
and 5 μg/mL with a bell-shaped chemotactic dose-response curve and a peak activity at 0.1 μg/mL
(2.5-fold increase) (Figure 5H). Moreover, as expected, a strong induction of migration was obtained
with IL-2-activated T lymphocytes using CXCL11 (10 nM), a reference chemoattractant for CXCR3
receptor (Figure 5H).

Overall, these data show that PDT is able also to stimulate migration of IL-2-activated
T lymphocytes.

Figure 5. PDT–induced chemotactic activity is mediated by CXCR3. (A) Cells were treated or not
(NT) with PDT (5, 25, 100 μg/mL) for 2 h. Cell viability was assessed on 103 cells by CellTiter-Glo®

Luminescent Cell Viability Assay, based on determination of intracellular ATP concentration, according
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to manufacturer’s instructions. Bars represent the means ± SD of 3 independent experiments. (B) Cells
were treated or not (NT) with PDT (5, 25, 100 μg/mL) for 2 h, stained with propidium iodide and
analyzed by flow cytometer. Data were analyzed by CellQuest software. Figures are representative of
one experiment of three with similar results. (C) Transwell migration assay of monocytes in response to
the indicated treatments. Monocytes pretreated for 1 h at 37 ◦C with 50 μg/mL of Ctrl mAb or mAb to
anti-CXCR1 or anti-CXCR2 or anti-CXCR3 or anti-CXCR4 were stimulated for 90 min at 37 ◦C with PBS
(NT) or PDT 0.5 μg/mL. Bars represent the mean ± SD of three independent experiments performed
in triplicate. Statistical analysis was performed by one-way ANOVA and the Bonferroni’s post-test
was used to compare data, *** p < 0.001. (D) Transwell migration assay of monocytes pretreated for
1 h at 37◦C with the inhibitor AGM487 (0.5 μM) and stimulated for 90 min at 37 ◦C with PBS (NT),
fMLP (10 nM) or CXCL11 (10 nM) or PDT (0.5 μg/mL). Bars represent the means ± SD of 3 independent
experiments performed in triplicate. Statistical analysis was performed by paired 2-tail Student t test,
*** p < 0.001. (E) Analysis of CXCR3 gene expression performed using quantitative real time PCR.
Monocytes were nucleoporated with scrambled siRNAs, used as negative control or with a pool of
four distinct siRNAs specific for four distinct regions of CXCR3. Analysis of real time PCR data was
performed with the 2−ΔΔCt method using Relative Quantitation Study software. Quantification of
CXCR3 mRNA was normalized in each reaction according to the internal β-actin control. Bars represent
the mean ± SD of three independent experiments performed in triplicate. (F) Transwell migration assay
of monocytes nucleoporated with specific siRNAs for CXCR3 or with scrambled fluorescein-labeled
siRNAs (scr siRNA), used as negative control, in response to the indicated treatments. Bars represent
the mean ± SD of three independent experiments performed in triplicate. Statistical analysis was
performed by paired two-tail Student’s t-test, ** p < 0.01, * p < 0.05. NT = not treated (G) Transwell
migration assay of L1.2 cells transfected with pTarget empty vector (-) or expressing CXCR3A and
stimulated for 90 min at 37◦C with PBS (NT), CXCL11 (10 nM) and PDT (0.5, 5, 50, 500 ng/mL). Bars
represent the mean ± SD of three independent experiments performed in triplicate. Statistical analysis
was performed by two-way ANOVA. Bonferroni’s post-test was used to compare data, *** p < 0.001.
(H) Transwell migration assay of IL-2-activated T lymphocytes in response to the indicated treatments.
Bars represent the means ± SD of 3 independent experiments performed in triplicate. Statistical analysis
was performed by one-way ANOVA and the Bonferroni’s post-test was used to compare data, * p < 0.05,
*** p < 0.001.

2.7. CXCL11, as PDT, Triggers Monocyte Migration through Akt Kinase Activation

Here, we have shown that PDT exerts its chemotactic activity through CXCR3 activation triggering
PI3K/Akt signaling pathway. In order to confirm that PDT induces monocyte migration with the same
mechanism used by the physiological ligand of CXCR3, CXCL11, we performed monocyte migration
assays and western blot analysis. First, monocytes were stimulated or not at 37 ◦C for 5 min with
CXCL11 (10 nM) and data obtained from western blot analysis show that, as expected, CXCL11 is able
to trigger a rapid increase of Tyr phosphorylated proteins (Figure 6A). Then, in order to investigate if
the PI3K/Akt signaling pathway, responsible for PDT-induced monocyte recruitment, is also triggered
by CXCL11, monocytes were pretreated at 37 ◦C with PTx, Akt inhibitor VIII (1 μM) and MAPK/ERK
inhibitor PD98059 (10 μM) and then stimulated with CXCL11 (10 nM) to migrate in a Transwell
chemotaxis system. As shown in the Figure 6B, PD98059 did not influence monocyte migration induced
by CXCL11, while PTx and the specific Akt inhibitor VIII (1 μM) completely inhibited CXCL11-triggered
monocyte migration (Figure 4A). Finally, in order to confirm the capability of CXCL11 to activate Akt
kinase, we assessed by western blot analysis the Akt phosphorylation status at Ser473 in cytosolic
extracts of monocytes, treated for 5, 30 and 60 min with CXCL11 (10 nM). As shown in Figure 6C,
monocytes stimulated with CXCL11 for 30 min showed a significant Akt phosphorylation.

Overall, these data show that CXCL11-induced monocyte chemotaxis, like PDT one, is due to the
activation of Akt kinase.
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Figure 6. CXCL11–induced chemotactic activity, as PDT one, is mediated by Akt kinase. (A) Monocytes
were treated or not for 5 min with 10nM of CXCL11. Western blot analysis of cells lysates shows that
CXCL11 is able to induce an increase of Tyr phosphorylated proteins, as shown by densitometry analysis
and plotting of the pTyr/GAPDH. In the left panel blots from one representative experiment of three
with similar results are shown. In the right panels, values reported for protein Tyr phosphorylation are
the mean ± SD of three independent experiments. Statistical analysis was performed by Student’s t-test,
* p < 0.05. NT = not treated. (B) Transwell migration assay of monocytes in response to the indicated
treatments. Monocytes pretreated with PTx (500 ng/mL) or Akt inhibitor VIII (1 μM) or PD98059 (10 μM)
were stimulated for 90 min at 37 ◦C with PBS (NT) or CXCL11 (10 nM). Bars represent the means ± SD
of 3 independent experiments performed in triplicate. Statistical analysis was performed by one-way
ANOVA and the Bonferroni’s post-test was used to compare data. *** p < 0.001. (C) Monocytes were
stimulated with 10 nM of CXCL11 at 37 ◦C for the indicated times. Not treated cells (NT) were used
as control (lane 1). Western blot analysis of monocyte lysates shows that CXCL11 activates Akt, as
shown by the respective phosphorylation state, verified by densitometric analysis and plotting of the
phospho-Akt/total Akt (pAkt/tAkt). In the left panel blots from one representative experiment of three
with similar results are shown. In the right panel, values reported for Akt phosphorylation are the
mean ± SD of three independent experiments. Statistical analysis was performed by one-way ANOVA
and the Bonferroni’s post-test was used to compare data, * p < 0.05.

3. Discussion

In the present study for the first time we demonstrate that PDT exerts a chemokine-like activity
triggering monocyte adhesion and migration. In this regard, PDT can be considered the shortest
synthetic peptide known up to date with a chemokine activity.

Our experimental evidences highlight the ability of the dipeptide to functionally activate the G
protein-coupled receptor CXCR3, in particular the CXCR3A isoform, which is linked to heterotrimeric
GTP-binding proteins of the Gi family. Indeed, PDT-induced chemokine activity was PTx-sensitive
and neutralized by an anti-human CXCR3 mAb, a specific CXCR3 inhibitor and CXCR3 siRNA.
Moreover, the specificity of CXCR3-mediated effects was confirmed by the capability of dipeptide
to chemoattract L1.2 cells stably expressing the human CXCR3A isoform. The study of intracellular
signaling downstream of CXCR3 showed that PDT triggers the PI3K/Akt pathway. The activation of
such signaling cascade has also been previously observed in response to a wide number of CXCR3
agonists in different cell types and it is in line with the activity previously reported for this canonical
receptor [41–43].
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GPCRs represent one of the therapeutically most relevant protein families and around one-third of
the available small-molecule drugs target GPCRs [44]. Surprisingly, PDT, which is simply a dipeptide
and doesn’t show any amino acid sequence identity with CXCR3 ligands, showed to activate this
chemokine receptor. The 3D structure of CXCR3 is currently not known, but a general “two-step”
model has been proposed to describe the chemokine receptor activation [45]. The first step is governed
by binding of the ligand to the N-terminus and extracellular loops of the GPCR [46], subsequently, the
N-terminus of the chemokine is able to interact with the transmembrane domains (TM), leading to
activation of the receptor [45,46]. In contrast, it is likely that this two-step binding model cannot not be
applied in the case of small molecule modulators, like PDT. Indeed, GPCRs possess multiple binding
sites and different ligands can selectively stabilize different “active” conformations [47,48]. Small
molecules, which don’t mimic the N-terminal regions of chemokines, rather point out other important
interactions and generally bind to the TM part [49,50], as recently shown for example for a small
molecule CXCR4 antagonist using X-ray crystallography [51]. In addition, Xanthou et al. (2003) did not
validate the two-step model for CXCR3 interactions with its ligands, but instead support a multi-site
model, in which multiple and distinct extracellular domains contribute to receptor activation [52].
Consequently, small molecule modulators are considered to allosterically modulate GPCR function
from binding sites that are distinct or only partially overlapped with the chemokine interaction
points [53–56]. Future studies on PDT structure−activity relationship will be necessary to reveal the
modality of dipeptide to trigger CXCR3 and could be of both fundamental and practical relevance.

CXCR3 is known to play a key role in mediating leukocyte recruitment to mucosal tissues and
inflammatory sites [57–61]. In particular, different studies demonstrated a key role for CXCR3 in
recruitment, trafficking and function of Th1 CD4+ and effector CD8 T cells to infection sites and the
establishment on Th1 amplification loop mediated by IFNγ and IFNγ-inducible CXCR3 ligands 61.
Moreover, CXCR3 is known to play a role in the migration of T cells within peripheral tissue and
lymphoid compartment, facilitating their interaction with antigen presenting cells and leading to the
generation of effector, regulatory and memory T cells [61]. On the other side, it has been demonstrated
that PDT is capable to enhance the proliferation of PBMCs and their production of crucial cytokines, as
IFN-γ and IL-12 (20), to induce T cell migration (Figure 5E), drive T cell proliferation and differentiation
towards a Th1 phenotype [16,19], and induce maturation of dendritic cells (DCs) [18]. In this regard,
we can hypothesize that the dipeptide could attract T cells through the CXCR3 receptor, co-stimulate
their proliferation, differentiation and activation, priming T cell responses with consequent therapeutic
implications following local delivery. Moreover, like many chemokines, PDT might direct the migration
of circulating leukocytes in the lymphoid tissues regulating and ensure continued recirculation and
surveillance of lymphoid tissues. In particular, PDT administration in defined anatomically restricted
locations (in vivo) might act as homing molecule in the control of T-cell trafficking over the course
of immune response in mucosa-associated lymphoid tissues (MALTs). However, how PDT could be
capable of coordinating T cell responses in the inflamed periphery through CXCR3 remains to be
determined and future studies should be aimed at studying the role of this interaction in the control of
T cell function.

Finally, since diverse studies suggested that CXCR3 activation could be beneficial in skin wound
healing [62–64] and CXCR3 agonists possess antitumor activity [65–67], it might be interesting to
evaluate the use of PDT in different pathological processes. Therefore, from a therapeutic point of
view, our demonstration of a chemokine-like activity of PDT through CXCR3, will call for a future
exploration of therapeutic potential of using this synthetic dipeptide in different diseases.

4. Materials and Methods

4.1. Pidotimod Preparation

PDT (purity > 99.6%) was a kind gift of Polichem SA (Lugano, CH). For all experiments the same
PDT stock solution was used (10 mg/mL in ultrapure endotoxin-free water, stored in aliquots at −20 ◦C).
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Biological effects were evaluated using PDT at the final concentrations of 0.01, 0.05, 0.1, 0.5, 1, 5, 25, 50
and 100 μg/mL. The absence of endotoxin contamination (<0.25 unit/500 μg) in the PDT stock solution
was assessed by Limulus amoebocyte assay (Associates of Cape Cod, East Falmouth, MA, USA) and
all experiments were performed in endotoxin free-condition.

4.2. Cell Culture

The murine pre-B L1.2 cells were obtained from the American Type culture collection (Manassas,
VA) and cultured in RPMI 1640 containing 10% fetal bovine serum (FBS, Lonza, Basel, CH), 2 mM
L-glutamine, 1 mM sodium pyruvate and 50 μM 2-mercaptoethanol (complete medium).

4.3. Isolation of Human Primary Cells

Blood was collected from healthy donors who gave informed consent for this research according
to the Declaration of Helsinki. PBMCs were isolated by using Ficoll-Paque (Sigma-Aldrich, St. Louis,
MO, USA) density gradient centrifugation and then human primary monocytes were isolated from
PBMCs by negative selection using the monocyte isolation Kit (Miltenyi Biotec, Bergish Gladbach,
NRW, DA) according to the manufacturer’s protocol. Monocytes were cultured (2 × 106/mL) in RPMI
1640 containing 10% fetal bovine serum (low endotoxin FBS, Lonza) and 2 mM L-glutamine (complete
medium). In each experiment, cell purity was evaluated by flow cytometry and was always greater
than 97%.

Human primary lymphocytes were isolated from PBMC by Percoll gradient sedimentation,
as previously described [68]. T lymphocytes were isolated by negative selection (Miltenyi Biotec)
according to manufacturer’s instructions. Purity of T lymphocyte preparation was evaluated by flow
cytometry after staining with fluorochrome-conjugated anti-CD3 antibodies and was more than 95%.
Isolated T lymphocytes were seeded (2 × 106/mL) in 6 well plates and kept in culture for 6 days in
complete medium supplemented with IL-2 (20 ng/mL) (R&D System, Minneapolis, MN, USA) to
obtain activated T cells. After 3 days the medium was changed with complete medium containing the
cytokine. After 6 days of culture, the cells were harvested, pooled together and counted for the assays.

Monocytes were pretreated for 2 h at 37 ◦C, when indicated, with PTx (500 ng/mL) or 30 min
with LY294002 (25 μM) or wortmannin (100 nM) or Akt inhibitor VIII (1 μM) (Enzo Life Sciences,
Farmingdale, NY, USA) or Tyrphostin AG490 (10 μM) (Vinci-Biochem, Firenze, IT) or PD98059 (10 μM)
or staurosporine (1 nM) (Sigma-Aldrich) or AMG 487 (0.5 μM, a CXCR3 antagonist) (Tocris Bioscience,
Bristol, GB) or with a control IgG antibody and a neutralizing mAb to CXCR1 (MAb330) or CXCR2
(MAb331) or CXCR3 (MAb160) or CXCR4 (MAb171) (50 μg/mL) (R&D System).

4.4. Chemotaxis Assays

Migration of monocytes, T lymphocytes and L1.2 cells was assessed using 5-μm pore-size
Transwells (BD Biosciences, Franklin Lakes, NJ, USA). Chemotaxis assays were performed as previously
described [27]. Briefly, cells, pre-treated or not with PTx or different inhibitors, were suspended at
2 × 106/mL in adhesion buffer. Cell suspension (100 μL) was added to the top well and adhesion buffer
(600 μL) containing Pidotimod (0.01, 0.05, 0.1, 0.5, 1, 5, 25 and 50 μg/mL) to the bottom well. LPC
(L-α-lysophosphatidylcholine, palmitoyl C16:0, Sigma-Aldrich) (10 μM) and fMLP (10 nM) were also
used as reference chemoattractants to evaluate the selective and not toxic effect of PTx; CXCL8, CXCL11
and CXCL12 (R&D System) (10 nM) were used as chemokine ligands to evaluate the specificity of
antibodies. Chemotaxis was performed for 90 min at 37 ◦C and then filters were removed. After
fixation with 1.5% paraformaldehyde, migrated cells were counted in 5 high-power fields by light
microscopy at a 10×magnification. Results are expressed as the fold increase compared with control.

4.5. Static Adhesion Assay

Adhesion assays were performed as previously described [27]. Monocytes, pre-treated or not
with PTx, were suspended at 5 × 106/mL in adhesion buffer (PBS, 1 mM CaCl2, 1 mM MgCl2, 10%
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FCS, pH 7.2) and 20 μL of cell suspension was added to 18-well glass slides (Thermo Fisher Scientific,
Waltham, MA, USA) coated overnight at 4 ◦C with ICAM-1 and V-CAM (1 μg/mL, R&D Systems).
Cells were then stimulated for 2 min at 37 ◦C with 5 μL of PDT at different concentrations (1, 5, 10,
50, 100 μg/mL). PMA (phorbol 12-myristate 13-acetate) stimulation (100 ng/mL) at 37 ◦C for 10 min
was also evaluated to exclude a toxic effect of PTx. After washing, adherent cells were fixed in 1.5%
glutaraldehyde. Computer-assisted enumeration of cells in 4 high-power fields by light microscopy
was performed. Results are expressed as the -fold increase compared with control.

4.6. Western Blot Analysis

Monocytes (10 × 106/mL) were stimulated with fMLP (10 nM) and PDT at different concentrations
1, 5, 25, 50, 100 μg/mL and then lysed in 200 μL of buffer (pH 7.2) containing 20 mM MOPS (pH
7.0), 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM glycerophosphate (pH 7.2), 20 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM Dithiothreitol (DTT), 1% Triton X-100
and a mixture of protease inhibitors (Complete Mini Roche, Hoffmann-La Roche, Basel, CH). The
total concentration of proteins was detected by QuantiProTM BCA Assay (Sigma-Aldrich). Equal
amounts of total protein were resolved on a 12% SDS-polyacrylamide gel and then electroblotted
using PVDF (polyvinylidene difluoride) membrane. The blots were incubated overnight at 4 ◦C
with 1) mouse monoclonal p-Tyr antibody (PY99) (Santa Cruz Biotechnology, Dallas, TX, USA), 2)
rabbit polyclonal phospho-Akt (Ser473) antibody (Santa Cruz Biotecnology), 3) mouse monoclonal Akt
antibody (Cell Signaling Technology, Danvers, MA, USA), 4) rabbit polyclonal antibody to ERK1/2
(Santa Cruz Biotechnology), 5) mouse monoclonal GADPH antibody (Santa Cruz Biotechnology).
Antigen-antibody complexes were revealed by incubating the membranes at room temperature for
1h with peroxidase-conjugated anti-mouse or anti-rabbit antibodies (Thermo Fisher Scientific) and
using the ECL (Enhanced Chemiluminescence) System (Santa Cruz Biotechnology). The images were
captured by ChemiDoc-It Imaging System and the integrated optical density (IOD) was determined
using the Gel-Pro Analyzer 6.0 software (Houston, TX, USA.

4.7. siRNA Technique

Monocytes were nucleoporated (program Y-001) with specific siRNAs for CXCR3 receptor (Origene,
Rockville, MD, USA) using the Amaxa Nucleofector System (Amaxa Biosystems, Cologne, NW, DE).
In particular, siRNAs (100 nM) were added to 3 × 106 cells resuspended in 100 mL of nucleofection
buffer. Fluorescein-labeled irrelevant (scr) siRNAs (Invitrogen, Carisbad, CA, USA) were used as
negative control and to assess the efficiency of siRNA nucleoporation by flow cytometry. The efficacy
of CXCR3 siRNA was evaluated by real-time PCR analysis.

4.8. Real-Time PCR for Gene Expression Analysis

Total RNA was isolated from monocytes (1 × 106 cells) using RNeasy Plus Mini Kit (Qiagen,
Valencia, CA, USA). Following retrotranscription, 50 ng of cDNA mixed with sterile water and
SYBR Green qPCR Master Mix (Promega, Madison, WI, USA) were amplified using the PrimeTime
qPCR primer Assay for CXCR3 and the following PCR primers (0.2 μM each): human β actin, 5′-
GGCACCCAGCACAATGAAG -3′ (forward), and 5′- GCTGATCCACATCTGCTGG -3′ (reverse)
(Integrated DNA technologies, Coralville, IA, USA). Quantification of CXCR3 cDNA was normalized
in each reaction according to the internal β-actin control. Results are expressed as percentage of control.

4.9. Cell Viability Assay

Cell viability was evaluated according to the manufacturer’s instructions by CellTiter-Glo
Luminescent Cell Viability Assay (Promega), which is based on the quantification of ATP. The same
number of treated (PDT 5, 25, 100 μg/mL) and not treated cells for 120 min were analyzed.
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4.10. Flow Cytometry Analysis

Cell integrity was analyzed by flow cytometry. In brief, treated (PDT 5, 25, 100 μg/mL) or not
treated cells with PDT were harvested, washed with phosphate-buffered saline (PBS) and pelleted
by centrifugation. Then, the cells were stained for nuclear DNA content with 50 μg/mL propidium
iodide (PI) (Sigma-Aldrich). Determination of PI-stained cells was performed in FL-2A channel on
FACSCalibur flow cytometer and data were acquired and analyzed by using CellQuest Software
(BD Bioscience).

4.11. Transfections

Murine pre-B cells L1.2 were cultured in RPMI 1640 containing 1 mM L-glutamine, 1 mM sodium
pyruvate, 10% FBS and 50 μM 2-mercaptoethanol. Transfections of L1.2 cells were performed using
Amaxa nucleofector (Lonza) (program U-015), according to the manufacturer’s instructions. Cells were
plated at 1 × 106/mL and, after 24 h, 4 × 106 cells were nucleofected with 3 mg endotoxin-free plasmids
pTarget or pTarget-CXCR3A. The vector pTarget was from Promega and was used as negative control.
In pTarget-CXCR3A construct (a kind gift from Alan Wells, Department of Pathology, University of
Pittsburgh, Pittsburgh, Pennsylvania, USA) CXCR3A (NM_001504.1) was cloned into the EcoRI and
SalI sites of pTarget. After 4 h from transfection, in order to enhance CXCR3A cell surface expression,
transient transfectants were incubated overnight at 37 ◦C in medium supplemented with 10 mM
sodium butyrate (Sigma-Aldrich). The transfection efficiency was evaluated as GFP expression by
flow cytometry using control vector pmaxGFP included in Amaxa nucleofector kit. Cell surface
expression of CXCR3A was evaluated by flow cytometry using an anti-human CXCR3 PE-conjugated
mAb (Thermo Fisher Scientific).

4.12. Statistical Analysis

Data obtained from multiple independent experiments are expressed as the means ± the standard
deviations (SD). The data were analyzed for statistical significance using a paired 2-tail Student t test
or one-way ANOVA. Bonferroni’s post-test was used to compare data. Differences were considered
significant at p < 0.05. Statistical tests were performed using Prism 5 software (GraphPad Software,
La Jolla, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/
5287/s1.
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Abstract: Recently, bioactive peptides have attracted attention for their therapeutic applications
in the pharmaceutical industry. Among them, antimicrobial peptides are candidates for new
antibiotic drugs. Since pseudin-2 (Ps), isolated from the skin of the paradoxical frog Pseudis paradoxa,
shows broad-spectrum antibacterial activity with high cytotoxicity, we previously designed Ps-K18
with a Lys substitution for Leu18 in Ps, which showed high antibacterial activity and low toxicity. Here,
we examined the potency of Ps-K18, aiming to develop antibiotics derived from bioactive peptides for
the treatment of Gram-negative sepsis. We first investigated the antibacterial mechanism of Ps-K18
based on confocal micrographs and field emission scanning electron microscopy, confirming that
Ps-K18 targets the bacterial membrane. Anti-inflammatory mechanism of Ps-K18 was investigated
by secreted alkaline phosphatase reporter gene assays and RT-PCR, which revealed that Ps-K18
activates innate defense via Toll-like receptor 4-mediated nuclear factor-kappa B signaling pathways.
Moreover, we investigated the antiseptic effect of Ps-K18 using a lipopolysaccharide or Escherichia
coli K1-induced septic shock mouse model. Ps-K18 significantly reduced bacterial growth and
inflammatory responses in the septic shock model. Ps-K18 showed low renal and liver toxicity and
attenuated lung damage effectively. This study suggests that Ps-K18 is a potent peptide antibiotic
that could be applied therapeutically to Gram-negative sepsis.

Keywords: pseudin-2; antimicrobial peptide; antisepsis, peptide antibiotics

1. Introduction

Naturally occurring bioactive peptides in various organisms are selective and effective cellular
signaling molecules that play an important role either directly or indirectly in physiological processes.
The peptides released through systems such as food processing or microbial fermentation play
physicochemical roles to regulate important processes and exert beneficial effects on body functions [1].
Most peptides bind certain cell surface receptors such as G protein-coupled receptors (GPCRs) or ion
channels, causing intracellular effects [2]. They can act as hormones, neurotransmitters, growth factors,
ion channel ligands, or anti-infectious agents, and accordingly, these characteristics have become
valuable to treat diseases that could not be cured previously [2,3]. Recently, bioactive peptides derived
from nature have received attention due to their pharmacological effects and clinical potential [2,4].
For example, Lyxumia® (Lixisenatide), an analogue of glucagon-like peptide 1 (GLP-1) isolated from
Gila monster venom, was launched by Sanofi and is a GLP-1 receptor agonist for the treatment of type
II diabetes that received approval from the FDA [5,6]. Further, Ile-Pro-Pro (IPP) and Val-Pro-Pro (VPP)
are found in milk fermented with Lactobacillus helveticus, and are known as angiotensin-converting
enzyme inhibitors that lower blood pressure [7]. Currently, many peptide drugs approved by the FDA
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have been supplied to the market and the number of peptide drugs under clinical development is
steadily increasing. [2,6].

Various antibiotics have been identified since the discovery of penicillin, and proven effective
in treating bacterial infections [8]. Imipenem, the first clinically available carbapenem antibiotic,
and gentamicin, one of aminoglycoside antibiotics, are highly efficacious antibiotics against
Gram-negative bacteria [9,10]. However, emergence of their multidrug-resistant (MDR) Gram-negative
bacteria is a growing threat and the development of new antibiotic drugs are necessary [11,12].
Antimicrobial peptides (AMPs), molecules that have come under the spotlight as new antibiotics,
are important components of the immune system found in all living organisms [13]. AMPs not
only effectively inhibit bacterial infections but also exert an immunosuppressive effect and have
potential as future therapeutics. However, these peptides have some limitations in that they are
difficult to use directly as a treatment due to their poor physicochemical stability and cytotoxicity [2].
Polymyxin E, also known as colistin, shows potent antimicrobial activities against Gram-negative
bacteria but it is used as a last resort due to kidney toxicity [4,14]. The decrease in toxicity mediated by
chemical and sequence modification suggests an important strategy for the development of bioactive
peptide-derived antibiotics [4]. Therefore, the design of highly functional antimicrobial peptides
based on structure–activity relationships is expected to provide new possibilities for the development
of antibiotics, since structural features such as hydrophobic and amphipathic properties affect their
activities [15,16].

With the emergence of MDR Gram-negative bacteria and the failure of most new antibiotics
in clinical trials, the development of new antibiotics has great importance in Gram-negative sepsis
treatment [17]. Sepsis, a disease caused by bacterial infections, still has a high mortality rate of 35%–45%
despite advances in antibiotic development and early targeted treatments [18,19]. Sepsis is caused
mainly by the host’s reaction to lipopolysaccharide (LPS), an endotoxin [20]. LPS is located in the outer
membrane of Gram-negative bacteria and is released in the infected host. This molecule is recognized
by Toll-like receptors (TLRs) as a pathogen-associated molecular pattern (PAMP). TLR4 is activated by
lipid A of LPS to induce the release of pro-inflammatory cytokines, which are important to activate
the host immune response. An inflammatory reaction activated by the bacterial infection can lead to
sepsis, a systemic inflammatory response syndrome [21–23].

Pseudin-2 (Ps; GLNALKKVFQGIHEAIKLINNHVQ) is a naturally occurring AMP derived from
the skin of the paradoxical frog Pseudis paradoxa. Ps has a linear amphipathic α-helix structure from
Leu2 to Glu24 residues and has shown efficacy against various bacteria, but it exerts severe cytotoxicity
against mammalian cells [13]. In previous studies, we designed a Ps-K18 analogue by substituting
Lys for Leu18 of Ps, making it less toxic, while maintaining the antibacterial activity of the parent
peptide [24]. However, the detailed antibacterial and anti-inflammatory mechanism of Ps-K18 in
relation to TLR4 signaling needs to be elucidated further.

The objective of the current study was to elucidate the antibacterial and anti-inflammatory
mechanisms and evaluate the benefits of Ps-K18 as a bioactive peptide against sepsis induced by
LPS or bacterial infection. With these aims, we examined the ability of Ps-K18 to inhibit bacterial
growth and inflammation in vitro and in vivo. We elucidated the mechanism underlying the high
antibacterial potency of Ps-K18, as well as its anti-inflammatory activity through TLR4 signaling.
We also demonstrated the beneficial effects of Ps-K18 in vivo by monitoring the recovery of damaged
organs in mouse models of endotoxemia or E. coli K1-induced septic shock. Our research results might
provide insight into development of potent bioactive peptides for the treatment of sepsis caused by
bacterial infection.
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2. Results

2.1. Properties of Ps-K18

Most AMPs target bacteria by permeabilizing the cell membrane, resulting in its loss of function [25].
Structural features such as net charge, helicity, hydrophobicity, and amphipathicity are important
factors affecting their antibacterial activity including their interactions with bacterial membranes [26].

Thus, design based on the structure–activity of peptides is one of the most basic methods for
developing new antibiotics [15,16]. Net charge is an important factor for the early interaction with
negatively-charged bacterial membranes [27]. The solution structure of Ps has been determined
as a linear α-helix from Leu2 to Glu24 residues and an amphipathic structure wherein one side is
hydrophobic and the other side is hydrophilic with only a +2 net charge [24]. These specific structural
features of Ps result in high cytotoxicity against mammalian cells, as well as bacteria. In our previous
study, we designed Ps-K18, increasing the cationicity to +3 by replacing Leu18 between hydrophilic and
hydrophobic sides with a Lys residue in the amphipathic α-helix (Table 1, Figure 1B); this resulted in
lower toxicity but the maintenance of Ps antibacterial activity [24]. Peptide properties of Ps and Ps-K18
are listed in Table 1. The helical-wheel diagrams of Ps and Ps-K18 in Figure 1 show that replacing the
Leu18 of Ps with Lys resulted in increased amphipathicity of the α-helical structure and cationicity,
as well as decreased hydrophobicity. Decreased hydrophobicity can also reduce the antimicrobial
activity of AMPs, whereas increased hydrophobicity can kill not only bacteria but also eukaryotic
cells [27].

Table 1. Amino acid sequences and peptide properties.

Peptide Sequence
Molecular
Weighta Net Charge

Hydrophobicityb

<H>

Ps GLNALKKVFQGIHEAIKLINNHVQ 2685 +2 0.407
Ps-K18 GLNALKKVFQGIHEAIKKINNHVQ 2702 +3 0.295

a The molecular weight (MW) was measured by mass spectroscopy. b Hydrophobicity <H>was calculated online
at: http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py.

Figure 1. Helical-wheel diagrams of Ps and Ps-K18 using HeliQuest (http://heliquest.ipmc.cnrs.fr/).
Helical-wheel diagrams of (A) Ps and (B) Ps-K18. Positively charged residues are shown in blue,
negatively charged residues in red, and hydrophobic residues in yellow at the bottom of the wheel.
In addition, Gly and Ala are shown in gray, Asn and Gln in pink, and His in sky blue. The arrows are
presented based on the helical hydrophobic moment.

2.2. Antibacterial Activity

Previous studies showed high antibacterial activity of Ps and Ps-K18 against broad-spectrum
Gram-negative bacteria [24]. We confirmed the antibacterial activities of the peptide only against
Gram-negative bacteria and multidrug-resistant (MDR) Gram-negative bacteria to conduct further
experiments on Ps-K18. Antibacterial activities were examined for four Gram-negative bacteria
(Escherichia coli KCTC1682, E. coli K1, Pseudomonas aeruginosa KCCM11328, and Acinetobacter baumannii
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KCCM 40203) and three MDR Gram-negative bacteria (E. coli CCARM 1229, P. aeruginosa CCARM 2003,
A. baumannii CCARM 12010). The antimicrobial activities of Ps and Ps-K18 are summarized in Table 2.
Melittin, with high antibacterial activity and toxicity, was used as a control to compare antibacterial
activity. Ps-K18 had similar antibacterial activity to Ps against standard and MDR Gram-negative
bacteria. These results indicated that Ps-K18 is as effective as Ps against Gram-negative bacteria, and the
results revealed that Ps-K18 is a potent antibiotic against MDR strains as well as standard strains.

Table 2. Antimicrobial activities of the Ps and Ps-K18 against standard bacterial strains and MDR
bacterial strains.

MIC (μM) Ps Ps-K18 Melittin

Standard Gram-negative bacteria
E. coli KCTC1682 4 4 4

E. coli K1 2 2 2
P. aeruginosa KCCM11328 4 4 8
A. baumannii KCCM40203 2 2 2

MDR Gram-negative bacteria
E. coli CCARM 1229 2 2 1

P. aeruginosa CCARM 2003 2 2 2
A. baumannii CCARM 12010 2 2 1

GMa 2.57 2.57 2.86
a The geometric means (GM) are the average values of minimum inhibitory concentrations (MICs).

2.3. Visualization of the Interaction Between E. coli and Ps Peptides based on Confocal Micrographs and Field
Emission Scanning Electron Microscopic (FE-SEM) Micrographs

Ps and Ps-K18 showed high depolarization activity against E. coli as the concentration increased,
implying that Ps and Ps-K18 target the bacterial membrane, in our previous study [24]. We further
investigated the interaction between Ps peptides and bacteria. We first investigated the interaction
between E. coli and FITC-labeled Ps or Ps-K18 by confocal microscopy (Figure 2A). For this, we treated
E. coli with each peptide at the 1×MIC for 1 h. The Ps peptides were mainly localized on the surface of
the E. coli membrane and no fluorescence was observed inside the cell.

Figure 2. Confocal and scanning electron micrographs of E. coli treated with Ps and Ps-K18. (A) Confocal
micrographs of Ps and Ps-K18 at a 1×MIC after 1 h incubation. The scale bar is 2 μm. (B) FE-SEM
micrographs of control, no peptide treatment, and Ps and Ps-K18 (1× MIC) after 4 h incubation.
The scale bar is 2 μm.

The results suggested that Ps peptides attached to the surface of the bacterial membrane and
caused disruption of the E. coli membrane. These results agree with the previous results obtained
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from dye leakage and depolarization experiments, indicating that Ps and Ps-K18 target the bacterial
membrane [24]. We next visualized membrane damage induced by Ps or Ps-K18 using FE-SEM
(Figure 2B). E. coli cells treated with a 1×MIC of Ps for 4 h were wrinkled and contracted, whereas
control cells had a normal oval shape (Figure 2B). E. coli cells treated with a 1×MIC of Ps-K18 were
crumpled and contracted, similar to that with Ps treatment. This proved that Ps-K18, which retained
high antibacterial activity similar to that of Ps, effectively interacts with the membrane to cause fatal
damage to the bacterium.

2.4. Cytotoxicity of Ps and Ps-K18 In Vitro and In Vivo

Since toxicity of highly active peptides has always been a limit for the therapeutic application of
peptide drugs, we examined the toxicity of Ps and Ps-K18 against mammalian cells [2]. The survival
rates of mouse macrophage RAW264.7 cells and human embryonic kidney HEK-293 cells are shown in
Figure 3A,B. Melittin showed extremely high cytotoxicity at lower concentrations. At 50 μM, survival
rates were 18% and 31% for Ps and 82% and 84% for Ps-K18 against RAW264.7 cells and HEK-293
cells, respectively.

We then evaluated the in vivo cytotoxicity of Ps peptides by measuring levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and blood urea nitrogen (BUN) in the
serum of mice. ALT and AST are used as indicators of liver damage, whereas BUN is used to assess
kidney damage [28]. When Ps was injected into mice, levels of AST, ALT, and BUN increased with
higher concentrations (Figure 3C–E). However, Ps-K18 did not increase the level of AST and BUN as
concentrations increased, but increased ALT only at very high dose, 20 mg/kg, although much lower
than Ps. These results support that Ps-K18 has improved potential as a therapeutic agent because it is
less toxic than the Ps while maintaining high antibacterial activity.

Figure 3. Cytotoxicity of Ps and Ps-K18 in vitro and in vivo. Concentration-dependent toxicities of
pseudin-2 (Ps) and Ps-K18 against (A) RAW264.7 cells and (B) HEK-293 cells. (C) Aminotransferase
(AST); (D) alanine aminotransferase (ALT); and (E) blood urea nitrogen (BUN) levels in mouse serum.
The error bars represent means ± standard error of the mean. (*p < 0.05; **p < 0.01; ***p < 0.001;
ns. represents no significance).

2.5. Specificity of Ps-K18 towards Various TLRs

TLRs, which play an important role in the innate immune system, are activated by the specific
agonist molecules, causing an inflammatory reaction [29]. Pam2CSK4 activates TLR2/6 signaling and
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Pam3CSK4 activates the TLR2/1 inflammation response. Polyinosinic:polycytidylic acid (Poly(I:C))
activates TLR3, and LPS activates TLR4 inflammatory signaling. TLR7 and TLR9 can be activated by
imiquimod and ODN1826, respectively [30].

We investigated the specificity of Ps-K18 towards various TLRs. For this, we treated RAW264.7
cells with Ps-K18 and known TLR-specific agonists (Figure 4A). Ps-K18 significantly suppressed
TLR4-mediated signaling in RAW264.7 cells by 15% and 43% based on LPS-induced nitrite production
at 10 μM and 20 μM, respectively. Ps-K18 did not effectively inhibit nitrite production in the presence
of other agonists (Pam2CSK4, Pam3CSK4, polyinosinic:polycytidylic acid (Poly(I:C)), imiquimod,
ODN1826) and TLRs, implying that Ps-K18 selectively modulates LPS-induced TLR4 signaling.

Figure 4. Specificity of Ps-K18 toward various Toll-like receptors (TLRs) and TLR-specific agonists,
and anti-inflammatory activity of Ps-K18. (A) Specificity of Ps-K18 for TLRs and TLR-specific agonists
that selectively activate TLRs, as determined by measuring nitrite production in RAW264.7 cells.
Different TLRs were selectively activated by Pam2CSK4 (200 ng/mL), Pam3CSK4 (200 ng/mL), Poly(I:C)
(2 μg/mL), LPS (20 ng/mL), imiquimod (1 μg/mL), and ODN1826 (20 μg/mL). Control is the data
without agonist treatment. (B) Dose-dependent reduction in secreted alkaline phosphatase reporter
gene (SEAP) activity by Ps-K18 in LPS (20 ng/mL)-stimulated HEK-Blue™ hTLR4 cells. (C) Inhibitory
effect of Ps-K18 on inflammation-related gene expression in LPS (50 ng/mL)-stimulated RAW264.7 cells.
The cells were pre-treated with Ps analogues for 1 h and then treated with LPS for 12 h. (D) Inhibitory
effects on the production of inflammatory cytokines tumor necrosis factor-α (TNF-α), interleukin (IL)-6,
and IL-1α by Ps-K18 (5 μM, 10 μM, and 20 μM) in LPS (20 ng/mL)-stimulated RAW264.7 cells. The error
bars represent means ± standard error of the mean (*p < 0.05; **p < 0.01; ***p < 0.001; ns. represents no
significance).
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2.6. Ps-K18 Suppresses Inflammation Response through TLR4-Mediated Signaling in RAW264.7 Cells and
HEK-BlueTM hTLR4 Cells

To investigate the mechanism underlying the anti-inflammatory activity of Ps-K18, we performed a
secreted alkaline phosphatase reporter (SEAP) gene assay (Figure 4B). LPS, released from Gram-negative
bacteria, stimulates cells by activating TLR4-mediated signaling to induce inflammatory cytokine and
nitric oxide release, leading to sepsis [31]. HEK-BlueTM hTLR4 cells that express TLR4 contain an
SEAP gene located downstream from the nuclear factor-kappa B (NF-κB) promoter, which results in
TLR4-mediated reporter activation when the cells are stimulated with LPS [32]. Ps-K18 inhibited 19%,
27%, and 40% of SEAP activity efficiently at 10, 20, and 40 μM, respectively.

TLR4 activated by LPS induces NF-κB phosphorylation. Further, phosphorylated NF-κB is
translocated to the nucleus and activates inflammatory cytokine gene transcription [30]. We also
confirmed that the gene expression of TLR4 and NF-κB can be inhibited by Ps-K18 in LPS-stimulated
RAW264.7 cells through Reverse transcription polymerase chain reaction (RT-PCR). By increasing the
concentration of Ps-K18, it effectively suppressed the gene expression of TLR4 and NF-κB (Figure 4C).
When we quantified relative gene expression of TLR4 and NF-κB using ImageJ software, they were
decreased by approximately 83% and 85%, respectively, at 20 μM. These results showed that Ps-K18
exerts anti-inflammatory activity by inhibiting LPS-induced TLR4-mediated signaling.

We further investigated the anti-inflammatory activity of Ps-K18 to confirm inhibitory effects on
TLR4-mediated signaling (Figure 4D). Ps-K18 effectively inhibited the production of the inflammatory
cytokines mTNF-α, mIL-6 and mIL-1α depending on concentration. Ps-K18 suppressed cytokines
mTNF-α by 49%, mIL-6 by 87% and mIL-1α by 88%, at 20 μM. These results showed that Ps-K18 has
potentially high anti-inflammatory activity that can effectively inhibit inflammatory responses with
low cytotoxicity.

2.7. Antisepsis Effect of Ps-K18 in LPS-Induced Endotoxemia Mouse Model

Since Ps-K18 is a potent peptide with high antibacterial and anti-inflammatory activity in vitro,
we next confirmed its potential as a therapeutic agent to treat sepsis in vivo. For this, we first
investigated the anti-inflammatory activity of Ps-K18 using an endotoxemia mouse model induced by
LPS. LPS is an endotoxin located in the outer membrane of Gram-negative bacteria, and triggers a
severe inflammatory response, causing sepsis in the body [20]. Cytokine storms that can lead to organ
damage and death aggravate the inflammatory response during endotoxemia [33]. The group injected
only with LPS showed high levels of inflammatory cytokine expression (Figure 5A,B). Only the Ps-K18
treatment group showed similar results to the control group (Figure 5). Ps-K18 resulted in a marked
reduction in inflammatory cytokines mTNF-α and mIL-6. In the serum, Ps-K18 effectively reduced
inflammatory cytokines mTNF-α by 65% and mIL-6 by 57% when Ps-K18 was injected with LPS in
mice. (Figure 5A). Ps-K18 also inhibited inflammatory cytokines mTNF-α by 64% and mIL-6 by 56% in
the lung (Figure 5B).

We also tested whether Ps-K18 can remove LPS endotoxin in vivo by performing a limulus
amebocyte lysate (LAL) assay that measures the amount of endotoxin in the sample (Figure 5C). Ps-K18
reduced the endotoxin levels by 53% when injected with LPS. These results revealed that Ps-K18
can effectively decrease endotoxin levels in vivo. In addition, the levels of AST, ALT, and BUN were
increased by LPS but were effectively reduced by Ps-K18 treatment (Figure 5D). Levels of AST, ALT,
and BUN were reduced by 18%, 19%, and 49%, respectively, when Ps-K18 was injected with LPS into
the mice. These results showed that Ps-K18 treatment can improve the functions of organs damaged
by the endotoxin LPS in vivo.
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Figure 5. Effects of Ps-K18 on LPS-induced endotoxemia mouse model. (A) Inhibition of cytokine
production (mTNF-α and mIL-6) in the serum. (B) Inhibition of cytokine production (mTNF-α and
mIL-6) in lung lysates. (C) Reduction of LPS endotoxin by Ps-K18 in serum of the LPS-induced sepsis
model. (D) AST, ALT, and BUN levels in the mouse septic shock model induced by LPS. BALB/c
mice were pre-treated with 1 mg/kg of peptide, followed by intraperitoneal injection with 15 mg/kg
of LPS. Data are presented as means ± standard errors of the mean (*p < 0.05; **p < 0.01; ***p < 0.001;
ns. represents no significance) compared to LPS-injected group. All measurements were obtained
five times.

2.8. Antisepsis Effect of Ps-K18 Based on an E. coli K1-Induced Mouse Model of Septic Shock

Since sepsis is one of diseases caused by bacterial infection and there are urgent needs to develop
new antiseptic agents [18,19], we examined the potency of Ps-K18 as a candidate antiseptic peptide
drug. We used an intact E. coli K1-induced septic shock mouse model to confirm its potential as
a therapeutic agent for sepsis. Ps-K18 reduced the number of bacteria in the mouse lung, liver,
and kidney by approximately 73%, 87%, and 71%, respectively. This indicated that Ps-K18 can
effectively inhibit the growth of bacteria, E. coli K1 in vitro and in vivo (Figure 6A). Because Ps-K18
had high anti-inflammatory activity in vitro, we then measured the in vivo anti-inflammatory activity
using serum and lung lysates of mice with E. coli K1-induced septic shock. We detected high levels of
mTNF-α and mIL-6 in the experimental group only treated E. coli K1. However, Ps-K18 reduced TNF-α
levels by approximately 45% and mIL-6 by 43% in the serum when injected with E. coli K1 (Figure 6B).
Ps-K18 also reduced mTNF-α levels by 51% and mIL-6 by 41% in the lungs of septic mice (Figure 6C).

We also performed LAL assays to confirm the potency of Ps-K18 using the E. coli K1-induced sepsis
model. Ps-K18 reduced levels of endotoxin by 61% when administered with E. coli K1 (Figure 6D).
The levels of AST, ALT, and BUN were also measured using the blood of mice with sepsis induced by
E. coli K1. Ps-K18 reduced the levels of AST by 35%, ALT by 69%, and BUN by 45%, when injected
with E. coli K1 (Figure 6E). This showed that Ps-K18 is effective for the treatment sepsis by inhibiting
the growth of bacteria and restoring liver and kidney function after damage mediated by bacterial
infection in vivo.
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Figure 6. Effects of Ps-K18 on septic shock in mice induced by E. coli K1. (A) Inhibition of bacterial
growth in the lung, liver, and kidney of the septic shock model. BALB/c mice were pre-treated
with 1 mg/kg of peptide, followed by intraperitoneal injection with E. coli K1 (1 × 106 CFU/mouse).
(B) Inhibition of cytokine production (mTNF-α and mIL-6) in the serum. (C) Inhibition of cytokine
production (mTNF-α and mIL-6) in lung lysates. (D) Reduction of LPS endotoxin by Ps-K18 in serum
of the E. coli K1-induced sepsis model. (E) AST, ALT, and BUN levels in the mouse septic shock model
induced by E. coli K1. Data are presented as means ± standard errors of the mean (*p < 0.05; **p < 0.01;
***p < 0.001; ns. represents no significance) compared to E. coli K1-injected group. All measurements
were obtained five times.

2.9. Ps-K18 Treatment Effectively Suppresses Polymorphonuclear Lymphocyte Infiltration in LPS-Induced
Endotoxemia Mouse Model and E. coli K1-Induced Mouse Model

We also pathologically investigated the lung tissues obtained from LPS-induced endotoxemia and
E. coli K1-induced mouse models. Capillary-alveolar barrier dysfunction occurs during the infiltration
of polymorphonuclear lymphocytes (PMNs) into the lungs, which is followed by pulmonary edema
with impaired pulmonary gas exchange [34,35]. PMNs are associated with lung damage and are an
important cause of acute lung injury, which results in high mortality and morbidity during sepsis.
Therefore, reducing the number of PMNs is of great importance for the treatment of sepsis [36].
Figure 7 shows the pathological characteristics of lung damage induced by LPS or E. coli K1 infection,
which were improved by Ps-K18. Control mice, not treated with LPS or E. coli K1, and Ps-K18 mice,
only injected with Ps-K18, showed normal lung morphology, whereas LPS or E. coli K1 treatment
induced morphological changes and PMN infiltration (Figure 7A–D). However, Ps-K18 treatment
effectively suppressed PMN infiltration and significantly improved lung morphology, similar to that
observed in the control group (Figure 7E,F). All results obtained from the septic shock model revealed
that Ps-K18 can be used to treat sepsis in vivo.
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Figure 7. Effect of Ps-K18 on neutrophil infiltration in the lungs of septic shock mouse induced by LPS
or E. coli K1. Lung morphology of (A) control, no peptide treatment, (B) LPS (15 mg/kg), (C) E. coli
K1 (1 × 106 CFU/mouse), (D) Ps-K18 (1 mg/kg), (E) LPS + Ps-K18, injected with both LPS and Ps-K18,
and (F) E. coli K1 + Ps-K18, injected with both E. coli K1 and Ps-K18. LPS or E. coli K1 was pre-injected
in mice for 1h, and then Ps-K18 injected in mice. The scale bar is 100 μm.

3. Discussion

Sepsis is a highly lethal disease that induces severe inflammatory reactions throughout the
body [37,38]. In particular, sepsis caused by MDR Gram-negative bacteria is more difficult to treat
as it is associated with reductions in the efficacy of existing antibiotics [39]. To meet these social
needs, new drug development is urgently needed. Among the antibiotics that have been developed,
peptide antibiotics have received attention as new therapeutic agents due to their outstanding potency
with strong antibacterial activity against drug-resistant strains and immunosuppressive properties,
and act by controlling host defense systems [4,15,24,40]. Despite these properties, low cell selectivity
and high cytotoxicity of AMPs are obstacles that impede their use in disease treatment. Because the
activity of AMPs is affected by physiochemical properties such as net charge helicity, hydrophobicity,
and amphipathicity, the optimization of these properties is one of the most common means to
develop highly-functional AMPs [41,42]. Colistin, also called polymyxin E, is a peptide antibiotic that
represents the last resort against MDR Gram-negative sepsis due to its high toxicity [43,44]. Therefore,
there are rapid needs for the development of new peptide antibiotics that can protect against bacterial
infection with high safety; this offers the potential for new solutions to eliminate rapidly emerging
multidrug-resistant bacterial strains.

AMPs have a variety of net charge ranges from +2 to +9 [45]. The cationicity of peptides is known
to be essential for their insertion into and destruction of cell membranes because it leads to structural
instability in bacteria due to interactions with their negatively charged membrane, thereby improving
the antibacterial activity [42,46,47]. It was reported that a truncated Ps analogue, with increased net
charge, has excellent inhibitory effects on bacterial growth [48]. In a previous study, we designed
Ps-K18 (+3) with a Lys substitution for Leu18 in Ps and showed that it has high antibacterial activity
and low toxicity [24]. Here, we investigated the detailed antibacterial mechanism of Ps-K18 as a potent
peptide antibiotic, using confocal micrographs and SEM analysis (Figure 2). Ps peptides were located
at the surface of the membranes of E. coli (Figure 2A) and the morphology of E. coli changed into the
wrinkled and disrupted shape after Ps or Ps-K18 treatment (Figure 2B). These results revealed the
antibacterial mechanism of Ps or Ps-K18, which effectively inhibited the growth of bacteria by targeting
bacterial membranes, confirming our previous results obtained from dye leakage and depolarization
assays against various membranes [24].

We checked the toxicity of Ps peptides for its safe therapeutic application. Ps-K18 had very low
toxicity compared to Ps in vivo and in vitro (Figure 3). LPS released from Gram-negative bacteria
activates TLR4 to induce the release of pro-inflammatory cytokines, which are important to activate
the host immune response [20]. Because serious inflammatory responses can induce sepsis, there is
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extensive interest in peptide antibiotics that suppress inflammatory responses and inhibit bacterial
growth. Furthermore, Ps-K18 exerted significant effects in specifically suppressing LPS-induced
TLR4 signaling, among various TLRs (Figure 4A). We then investigated the anti-inflammatory
activity of Ps-K18 in LPS-stimulated RAW264.7 cells (Figure 4B–D). Ps-K18 effectively suppressed the
production of inflammatory TNF-α, IL-6, and IL-α (Figure 4D). Our previous study showed that Ps
and Ps-K18 bind TLR4 tightly with 0.8 and 1.5 μM affinity, respectively [24]. The detailed mechanism
underlying the anti-inflammatory activity of Ps-K18 was demonstrated by SEAP assays and RT-PCR,
implying that Ps-K18 has remarkable anti-inflammatory activity by suppressing TLR4-mediated NF-κB
signaling pathways.

We demonstrated that Ps-K18 is a potent peptide antibiotic in vitro, with antibacterial activity that
effectively relies on interactions with bacterial membranes to induce the death of bacteria, as well as
anti-inflammatory effects that inhibit TLR4-mediated NF-κB signaling pathways. To prove that Ps-K18
is an effective antibiotic not only in vitro but also in vivo, we conducted in vivo experiments using
LPS-induced endotoxemia or E. coli K1-induced septic shock mouse model. Sepsis, mainly induced
by LPS released from bacteria, activates all components of the immune system, including various
blood cells, endothelial cells, and bone marrow, to remove infecting bacteria from the body. During
this process, major organs such as the lungs, abdomen, and urinary tract appear to be damaged by
the release of different mediators [49]. The in vivo efficacy of Ps-K18 was examined by monitoring
organ injury in LPS-induced endotoxemia and E. coli K1-induced septic shock models (Figures 5 and 6).
Importantly, Ps-K18 effectively inhibited the growth of Gram-negative bacteria and the associated
production of inflammatory cytokines mTNF-α and mIL-6, ameliorated liver and kidney damage
induced by infection, and reduced the amount of endotoxin LPS in serum. From LAL assay in
septic shock model, we showed that Ps-K18 can effectively decrease endotoxin LPS levels in vivo.
Antimicrobial peptides such as polymyxin B and LL-37 are well known LPS neutralizing agents which
can prevent the initiation of the inflammatory responses [50]. LPS in the blood can stimulate the
expression of inflammatory cytokines, resulting in septic shock [51]. In case of Gram-negative infection,
where the innate immunity mediator TLR4 is already significantly enhanced, antiseptic agent should
be able to suppress the LPS or bacteria-induced TLR4 activation which eventually causes septic shock.
As shown in this study, Ps-K18 can be a potent antiseptic agent, having both LPS neutralizing ability as
well as inhibiting ability of systemic TLR4-mediated inflammatory signaling by blocking TLR4/NF-κB
activation in septic shock mouse model. Our results confirmed that Ps-K18 could be an excellent
therapeutic agent for treatment of sepsis.

4. Materials and Methods

4.1. Peptide Synthesis

All peptides listed in Table 1, synthesized by solid-phase synthesis using N-(9-fluorenyl)
methoxycarbonyl solid-phase synthesis technique, were purified by reversed-phase preparative
high-performance liquid chromatography [52]. Purities of the peptides (>95%) were measured using
an analytical C18 column. Molecular masses and retention times of peptides were determined by
matrix-assisted laser-desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry at Korea
Basic Science Institute (KBSI, Ochang, Korea).

4.2. Antibacterial Activity

We purchased E. coli KCTC 1682, P. aeruginosa KCCM 11328, A. baumannii KCCM 40203 from
the Korean Collection for Type Cultures (KCTC) (Taejon, Korea), and Korean Culture Center of
Microorganisms (KCCM) (Seoul, Korea). MDR Gram-negative bacteria (E. coli CCARM 1229,
P. aeruginosa CCARM 2003, A. baumannii CCARM 12010) were obtained from the Culture Collection
of Antibiotic-Resistant Microbes (CCARM) at Seoul Women’s University in Korea. We were kindly
provided E. coli K1 strain RS218 (O18:K1:H7) by Jang-Won Yoon of Kangwon National University
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(Gangwon-do, Korea). MIC of peptides was determined by the broth microdilution assay using 1%
peptone media, as reported previously [24]. MIC was determined by the average value of three
independent experiments. Peptides were diluted using 1% peptone media treated with 2 × 105 CFU/mL
of bacterial suspensions in 1% peptone media for 16 h at 37 ◦C.

4.3. Confocal Microscope Analysis

When E. coli KCTC 1682 became a mid-log phage, it was washed and diluted in 10 mM PBS
buffer. Bacterial suspensions (1 × 107 CFU/mL) were incubated with 1×MIC of peptides for 1 h. After
1 h, the cells were washed three times using 10 mM PBS buffer and visualized with a confocal laser
scanning microscope (LSM 800; Carl Zeiss, Oberkochen, Germany).

4.4. FE-SEM Analysis

We visualized the membrane damage of E. coli KCTC 1682 by FE-SEM to confirm the antibacterial
mechanisms. The method was the same as a previously reported method [28]. The 1 ×MIC of peptide
treated to E. coli KCTC 1682 was diluted in 10 mM PBS buffer to an OD600 of 0.2 and incubated for 4 h
at 37 ◦C. After the fixation and dehydration step, the cells were visualized with a FE-SEM (SU8020;
Hitachi, Tokyo, Japan).

4.5. Cytotoxicity In Vitro

RAW264.7 cells and HEK-293 cells were purchased from Korean cell line bank (Seoul, Korea).
The cytotoxicity of peptides towards RAW264.7 cells and HEK-293 cells were evaluated by Cell
Counting Kit-8 purchased from Abbkine Scientific (Wuhan, China). The assay was the same as
previously reported method [28,53].

4.6. Specificity Against TLRs Selectively Activated by Agonists

The specificity of peptides was assessed by measuring nitrate production in RAW264.7 cells
after activating different TLRs. Agonists including Pam2CSK4 (200 ng/mL), Pam3CSK4 (200 ng/mL),
Poly(I:C) (2 μg/mL), LPS (20 ng/mL), and ODN1826 (20 μg/mL) were purchased from Invivogen (San
Diego, CA, USA). Imiquimod (1 μg/mL) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The method was similar to that previously reported [30]. We pretreated cells with Ps peptide for 1 h.
Next, we added the aforementioned agonists at the indicated concentrations. To confirm the specificity
of peptides, nitrate production was detected at an absorbance of 540 nm, as previously reported [28].

4.7. Quantification of Inflammatory Cytokine Production in LPS-Stimulated RAW264.7 Cells

ELISA assay was used to check the level of inflammatory cytokine. Raw264.7 cells plated at a
density of 1 × 105 cells/well were stimulated with 20 ng/mL LPS of E. coli O111:B4 (Sigma-Aldrich,
St. Louis, MO, USA) with or without peptide for 16 h. The inhibition effect of peptide on mTNF-α, mIL-6
and mIL-1α expression, which belong to inflammatory cytokines, was measured by enzyme-linked
immunosorbent assays (ELISA; R&D Systems, Minneapolis, MN, USA), as previously reported [54].
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used control in the RT-PCR. Relative
intensity of the DNA bands was quantified by ImageJ software (Version 1.52q, National Institutes of
Health, Bethesda, MD, USA).

4.8. Inhibition Effect of Ps-K18 on TLR4-Mediated Inflammatory Response in LPS-Stimulated HEK-BlueTM

hTLR4 and RAW264.7 Cells

HEK-BlueTM hTLR4 cells (InvivoGen, San Diego, CA, USA) were plated at a density of 2.5 ×
104 cells/well with Ps-K18 in HEK-Blue detection media (InvivoGen, San Diego, CA, USA). After 1 h,
the cells were stimulated by 20 ng/mL LPS and incubated for 8 h at 37 ◦C in a humidified 5% CO2

atmosphere. SEAP activity was determined by measuring absorbance at 630 nm.
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RT-PCR was performed to measure inhibition activity of Ps-K18 on expression of TLR4 mediating
inflammatory response signaling as previously reported [55]. The results visualized by UV illumination
using Alpha Innotech gel documentation system (Alphaimager ® HP; Alpha Innotech Corporation,
San Leandro, CA, USA).

4.9. Sepsis Mouse Model

Female BALB/c mice (6-week-old) were purchased from Orient (Daejeon, Korea). All mice were
housed under specific pathogen-free (SPF) conditions and allowed free access to food and water in a
temperature- and humidity-controlled environment. All mice were used for LPS or E. coli K1-induced
sepsis model. E. coli K1 possesses K1 capsular polysaccharide antigen which is an essential virulence
determinant that protects the bacteria from immune attack [56,57]. All procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of Konkuk University, South Korea
(IACUC number: KU18163-1, approved on 17 April 2019).

4.10. Cytotoxicity In Vivo

Cytotoxicity was determined by detecting AST, ALT, and BUN levels in mice serum. They were
detected five times independently using a standard kit available for purchase from Asan pharmaceutical
(Seoul, Korea), as described previously [58]. The control group was only injected with PBS and the Ps
or Ps-K18 groups were only administered peptide (1, 10, 20 mg/kg). After 16 h, the mice were sacrificed
for analysis.

4.11. Measurement of Antiseptic Activity of Peptides in LPS-Induced Endotoxemia and E. coli K1 Septic Shock
Mouse Model

To determine the antiseptic activity of Ps-K18, experiments were performed based on four different
groups. The control group was only injected with PBS and the peptide group was only administered
Ps-K18 (1 mg/kg). The LPS group was only injected with LPS (15 mg/kg) and the LPS + Ps-K18 group
received an injection of LPS (15 mg/kg) 1 h after the administration of Ps-K18 (1 mg/kg). The E. coli
group was only injected with E. coli K1 (1 × 106 CFU/mouse), whereas the E. coli + Ps-K18 group
received an injection of E. coli K1 (1 × 106 CFU/mouse) 1 h after the administration of Ps-K18 (1 mg/kg).
Mice were inoculated via intraperitoneal (i.p.) injection. After 16 h, the mice were sacrificed for analysis.

To measure cytokine levels in the serum or lung lysates of the sepsis model, we used ELISA
kits (R&D Systems, Minneapolis, MN, USA), as reported previously [54]. The experiments were
performed five times independently. We additionally confirmed the inhibitory effect of the peptide on
endotoxin LPS using a LAL kit purchased from Lonza Group Ltd. (Allendale, NJ, USA), as previously
reported [28]. We counted the number of bacteria in organ tissues, as previously reported, to determine
whether Ps-K18 could inhibit the growth of bacteria in vivo [28]. Serum AST, ALT, and BUN levels
were detected five times independently using a standard kit to confirm recovery ability of peptide
for damaged organ by LPS or E. coli K1, as described previously [58]. To determine the suppressive
effect of the peptide on neutrophil infiltration in vivo, tissue slides were produced, as previously
described [59]. Briefly, lung tissues extracted from mice were fixed in 4% paraformaldehyde solution
and dehydrated to produce paraffin blocks. The paraffin blocks were cut to an appropriate thickness
to prepare tissue slides and the remaining paraffin was removed with xylene. The slides were then
stained with hematoxylin and eosin and visualized with a microscope (Eclipse Ni; Nikon, Tokyo,
Japan).

4.12. Statistical Analysis

All measurements were obtained at least three times and statistical analysis was calculated using
Graphpad Prism (GraphPad Software Inc., La Jolla, CA, USA). One-way ANOVA followed by post-hoc
Bonferroni tests (Prism 8.0) were used to compare with the experimental groups.
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The error bars reveal standard error of measurement (±SEM). Values indicate statistically
significance at *p < 0.05; **p < 0.01; ***p < 0.001; n.s. represents no significance.

5. Conclusions

Our study showed that Ps-K18 has low toxicity upon Lys substitution at Leu18 in Ps and functions
through antibacterial mechanisms to restrict bacterial growth by targeting bacterial membranes and
anti-inflammatory mechanism-inhibiting inflammatory reactions by suppressing LPS-induced TLR4
signaling with high specificity in vivo and in vitro. These properties led to excellent therapeutic effects
in treating sepsis caused by endotoxin or E. coli K1. In our future studies, we must overcome obstacles
such as the stability of the peptide in vivo, reduced activity mediated by proteases, cost, and the
scaling of production of this peptide [60]. Developing methods to overcome these limitations will
enable the application of Ps-K18 as a peptide drug derived from bioactive peptides. All results in
this study clearly showed that Ps-K18 is a potential antimicrobial candidate that functions through
dual mechanisms to suppress bacterial growth and inhibit inflammatory reactions in vitro and in vivo.
Accordingly, Ps-K18 could be a potent peptide antibiotic for the effective treatment of sepsis caused by
Gram-negative bacterial infections. This study may provide insight into design and development of a
potent peptide drug which could be used as an effective treatment for sepsis and into a pharmaceutical
application of peptide antibiotics.
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Abstract: Staphylococcus aureus is a major infectious agent responsible for a plethora of superficial skin
infections and systemic diseases, including endocarditis and septic arthritis. Recent epidemiological
data revealed the emergence of resistance to commonly used antibiotics, including increased numbers
of both hospital- and community-acquired methicillin-resistant S. aureus (MRSA). Due to their potent
antimicrobial functions, low potential to develop resistance, and immunogenicity, antimicrobial
peptides (AMPs) are a promising alternative treatment for multidrug-resistant strains. Here, we
examined the activity of a lysine-rich derivative of amphibian temporin-1CEb (DK5) conjugated
to peptides that exert pro-proliferative and/or cytoprotective activity. Analysis of a library of
synthetic peptides to identify those with antibacterial potential revealed that the most potent agent
against multidrug-resistant S. aureus was a conjugate of a temporin analogue with the synthetic
Leu-enkephalin analogue dalargin (DAL). DAL-PEG-DK5 exerted direct bactericidal effects via
bacterial membrane disruption, leading to eradication of both planktonic and biofilm-associated
staphylococci. Finally, we showed that accumulation of the peptide in the cytoplasm of human
keratinocytes led to a marked clearance of intracellular MRSA, resulting in cytoprotection against
invading bacteria. Collectively, the data showed that DAL-PEG-DK5 might be a potent antimicrobial
agent for treatment of staphylococcal skin infections.

Keywords: temporin; MRSA; antimicrobial peptide; human keratinocytes

1. Introduction

Recent epidemiological and clinical data indicate that infectious diseases are a fast-growing health
concern. Overuse of antibiotics in humans and animals contributes to the selection of a variety of
pathogens that are resistant to conventional drugs. Staphylococcus aureus has the ability to become
resistant to nearly all clinically useful antibiotics through the development of resistance mechanisms
acquired by horizontal transfer and by chromosomal mutation [1]. Methicillin-resistant S. aureus
(MRSA) was reported for the first time among nosocomial isolates in 1961 [2]. Up until the 1990s, MRSA
was restricted to hospitals and intensive care units, after which novel strains of MRSA emerged in the
community [3]. At present, MRSA is one of the most common antibiotic-resistant S. aureus strains that
cause serious, often detrimental, infections in many parts of the world, including Europe, the Americas,
North Africa, the Middle East, and East Asia [4]. Indeed, most nosocomial staphylococcal infections in
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intensive care units (40–70%) are caused by MRSA strains [3,5–7]. Skin and soft tissue infections (SSTIs),
severe necrotizing pneumonia, and bacteremia are the most common clinical presentations strongly
associated with MRSA [3,7,8]. The rise of MRSA and other multidrug-resistant (MDR) staphylococci is
a serious problem with respect to treatment and control. Therefore, there is an urgent need to develop
new therapeutics. Among candidates are host defense peptides, also called antimicrobial peptides
(AMPs), which are part of the natural defenses of all phyla of multicellular organisms, including plants,
insects, amphibians, and mammals [9,10]. Most AMPs are small cationic molecules that act as potent
antimicrobial compounds against a broad spectrum of microorganisms [11].

Amphibian skin granular glands are one of the richest sources of AMPs, especially those of the
Rana genus, a widely distributed group with over 250 species worldwide [12]. Among the AMP families
identified in frog skin are temporins, which are short (10–14 amino acids), hydrophobic, C-terminally
amidated AMPs [13]. Temporins act as potent AMPs against staphylococci [14–16]. Here, we focused
on temporin-1CEb, a naturally occurring 12-residue peptide derived from frog skin secretions that
display antimicrobial activity against a broad spectrum of gram-positive and (albeit to a lesser extent)
gram-negative bacteria [17,18]. Moreover, temporins, including temporin-1CEb, play a significant
anti-inflammatory role both in vitro and in vivo [19]. The emergence of MRSA has resulted in an
epidemic of SSTIs; thus, we created a library of compounds based on an analogue of temporin-1CEb
(DK5) conjugated to peptides showing cytoprotective, pro-proliferative, and pro-migratory effects
against human keratinocytes (cells that facilitate wound-healing) [20–24]. All selected peptides,
including carnosine (CAR), dalargin (DAL), and COMB1, were linked to DK5 by a short biologically
inert and non-immunogenic PEG linker (8-amino-3,6-dioxaoctanoic acid) [25].

We investigated the antibacterial activity of the designed peptides against different clinical isolates
of MDR S. aureus. The data revealed the unique properties of DAL-PEG-DK5, which inhibited the
growth of all tested MRSA strains, including planktonic and biofilm bacteria. We also assessed
the mechanism by which DAL-PEG-DK5 disrupts the cytoplasmic membrane of staphylococci and
evaluated the antibacterial activity of the conjugate against MRSA-infected human keratinocytes.
Importantly, the data strongly support the potential of DAL-PEG-DK5 as a topical agent for treatment
of MRSA.

2. Results

2.1. Antibacterial Activity of Temporin Conjugates Against Staphylococci

The antimicrobial activity of peptide conjugates (Table S1) was tested against
staphylococci—S. aureus (Newman, ATCC 25923, USA300) and S. epidermidis (ATCC 12228). A
broth microdilution method was used to determine the MIC (minimal inhibitory concentration) as
a standard protocol. According to the obtained results (Table 1), the strongest bacteriostatic activity
against all tested strains was observed for DAL-PEG-DK5 (MIC of 40 μg/mL against S. aureus USA300
and ATCC 25923, and 60 μg/mL against S. epidermidis). The only exception was the Newman strain, for
which the MIC was 140 μg/mL. Moreover, CAR3-PEG-DK5, CAR-PEG-DK5, and COMB-1-PEG-DK5
did not inhibit growth of tested strains at concentrations up to 190 μg/mL.

Table 1. MIC of tested peptides conjugates against S. aureus strains and S. epidermidis.

Staphylococcal Strain Strain ID
MIC [μg/mL]

DAL-PEG-DK5 CAR-PEG-DK5 CAR3-PEG-DK5 COMB1-PEG-DK5

S. aureus
USA300 40 >190 >190 >190

Newman 140 >190 >190 >190
ATCC
25923 40 >190 >190 >190

S. epidermidis ATCC
12228 60 40 110 >190
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Based on the above results, we selected DAL-PEG-DK5 for further studies to examine how the
composition of this conjugate can influence its bacteriostatic effects. Thus, we measured the MIC of
native peptides (DAL and DK5), two peptide conjugates (DAL-PEG-DK5 and DK5-PEG-DAL), and a
scramble peptide (SCR). We tested these against the MRSA strain S. aureus USA300. MIC analysis
revealed that neither the native peptides DK5 and DAL, nor the scramble peptide SRC, inhibited
bacterial growth (Table 2).

Table 2. MIC of native peptides, their peptides conjugates, and SCR against methicillin resistant
S. aureus (MRSA) isolate.

USA300 MIC [μg/mL]

DK5 >190
DAL >190

DK5-PEG-DAL 160
DAL-PEG-DK5 40

SCR >190

Notably, DK5-PEG-DAL inhibited USA300 growth less effectively (four times less) than its sister
analogue with the reversed connection between three components of DAL-PEG-DK5. The MIC values
for DAL-PEG-DK5 and DK5-PEG-DAL against USA300 were 40 and 160 μg/mL, respectively. These
results indicate that the DK5 conjugate shows potential antibacterial activity when DAL is localized at
the C-terminus of the molecule.

Because USA300 was highly sensitive to the test conjugate, we decided to introduce other MRSA
S. aureus strains. The majority of these strains (11/13) were isolated from the blood of infected patients,
whereas two were obtained from skin. All strains were characterized (Table S2) before their sensitivity
to DAL-PEG-DK5 was tested. The MIC assay revealed that all were highly sensitive to DAL-PEG-DK5.
For 84% of the tested strains (11/13), the MIC was ≤ 40 μg/mL (Table 3). Taken together, the results
show that DAL-PEG-DK5 inhibits the growth of different MRSA strains.

Table 3. MIC of DAL-PEG-DK5 against methicillin resistant S. aureus (MRSA) clinical isolates.

MRSA strain ID
MIC [μg/mL]

DAL-PEG-DK5 Vancomycin Linezolid

56A1 40 - -
52B 40 0.5 2
1694 70 - -
2492 40 - -
2706 40 - -

2872cv 40 - -
3417 40 - -
4187 40 - -
6674 40 - -
7219 30 - -
7501 40 - -
7569 40 - -
7718 50 - -

USA300 40 1 1

- not determined.

Biofilm formation is one of strategies used by S. aureus to compromise host responses and protect
the bacteria from antibiotic and antiseptics agents. Currently, there are no antimicrobials that treat
biofilm infections specifically [26]; thus, we aimed to examine whether DAL-PEG-DK5 disrupts mature
biofilms (formed after 24 h) of USA300. As shown in Figure 1, the peptide conjugate (at 4 × MIC,
equivalent to 160 μg/mL) disrupted the mature biofilm of MRSA, reducing biofilm mass by 50%.
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Figure 1. The effect of DAL-PEG-DK5 on the biofilm formed by S. aureus. USA300 strain was grown
in 96-well plates at 37 ◦C for 24 h to form biofilm. Peptide was added at desired concentrations and
plates were incubated for additional 24 h. After incubation with DAL-PEG-DK5, the biofilm was
stained with crystal violet, then the dye was extracted with ethanol, measured OD and presented as
percentage of biofilm reduction compared to untreated wells (Control). Mean ± SD n = 3. ** p < 0.0151;
one-way ANOVA.

Because the conjugate of DK5 with dalargin exhibited strong antibacterial activity against
MRSA and efficiently reduced biofilm formation by staphylococci, we used this compound in all
further experiments.

2.2. Mechanism Underlying the Bactericidal Activity of DAL-PEG-DK5

The ability of DAL-PEG-DK5 to inhibit the growth of staphylococci and disrupt the mature biofilms
formed by S. aureus suggests that the peptide also exerts bactericidal activity. To verify this hypothesis,
we used LIVE/DEAD staining with DNA-binding dyes SYTO9 and propidium iodide (PI). SYTO9 is
a membrane permeable (green) DNA stain that labels all bacteria in a population (those with intact
membranes and those with damaged membranes). By contrast, PI (red) penetrates only bacteria with
damaged membranes, causing a reduction in SYTO9 fluorescence when both dyes are present. Using
this approach, we counted the total number of bacteria (green) and the number of non-viable bacteria
(red). S. aureus USA300 was incubated with different concentrations of DAL-PEG-DK5 (0.5–50 μg/mL)
for 3 h, and then stained with SYTO9 and PI (Figure 2A). We observed 20% and 5% live bacteria after
exposure to 5 and 10 μg/mL, respectively, DAL-PEG-DK5.

Figure 2. Bactericidal effect of DAL-PEG-DK5 on S. aureus. (A) SYTO 9 and PI staining. Staphylococci
were treated with DAL-PEG-DK5 (0.5–50 μg/mL) for 3 h and stained with SYTO 9 (all bacteria in the
population) and PI (bacteria with damaged membrane). The fluorescence was measured (excitation at
485 nm and emission at 530 nm (SYTO9) and 630 nm (PI)). Mean ± SD n = 2. **** p < 0.0001; one-way
ANOVA. (B) Time dependent influx of Sytox green into USA300. Staphylococci were incubated with
1 μM Sytox green for 15 min and then DAL-PEG-DK5 was added (5–100 μg/mL). Probes were incubated
60 min and fluorescence was measured at indicated time points (excitation at 485 nm and emission at
520 nm). The data shown is representative of three separate experiments performed in triplicate. Mean
± SD. ns – non-significant, ** p < 0.005; **** p < 0.0001; one-way ANOVA.
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Next, to explore the mechanism underlying DAL-PEG-DK5-mediated killing of MRSA,
we examined the disruption of the cytoplasmic membrane of USA300 cells loaded with 1 μM
Sytox green. The fluorescent dye does not cross intact membranes; thus, there is no change in
intracellular Sytox green fluorescence without membrane disruption. When the peptide conjugate
was added to USA300, we observed a dose-dependent increase in fluorescence intensity (reflecting
bacterial membrane disruption) after only 5 min (Figure 2B). Moreover, at a concentration of 25 μg/mL
peptide, permeabilization of the bacterial membrane reached a plateau. Taken together, these data
suggest that DAL-PEG-DK5 exerts bactericidal effects against S. aureus MRSA strains by disrupting the
bacterial cell membrane.

2.3. Activity of DAL-PEG-DK5 Against Intracellular S. aureus

For many years, S. aureus was considered an extracellular pathogen; however, recent data indicate
that the bacteria can invade and persist within a variety of mammalian cells, including epithelial cells
and even professional phagocytes [27,28]. One type of host cell that is efficiently colonized by S. aureus
is the keratinocyte [29]. This strategy of staphylococci seems to be important for chronic and recurrent
skin infections [30,31]. Therefore, it is important to evaluate the intracellular activity of DAL-PEG-DK5
against S. aureus that colonize the cytoplasm of human keratinocytes.

First, we evaluated the dose-dependent toxicity of DAL-PEG-DK5 against human keratinocytes
using MTT and LDH assays. We found that the peptide conjugate did not affect the metabolism
of HaCaT cells at a concentration ranging from 5 to 75 μg/mL at exposure times of 3, 6, and 18 h
(Figure 3A). However, higher concentrations (100 or 200 μg/mL) of DAL-PEG-DK5 reduced the number
of metabolically active cells in a concentration-dependent manner (Figure 3A). By contrast, the LDH
assay showed that DAL-PEG-DK5 triggered a low, but still significant, release of dehydrogenase at
a concentration of 75 μg/mL (Figure 3B). Note that when human keratinocytes were incubated with
200 μg/mL of the compound, it was cytotoxic to 40% (3, 6 h) and 100% (18 h) of cells (Figure 3B). Based
on the obtained data, we examined the effect of the peptide conjugate at a non-toxic dose (≤50 μg/mL)
on the morphology of HaCaT cells. The data revealed that exposure of cells to the peptide did not
affect their morphology (Figure 3C; bright field). Moreover, we used the CFS-labeled peptide conjugate
to examine the cellular localization of DAL-PEG-DK5 to determine whether DAL-PEG-DK5 is located
on the surface of HaCaT cells or internalized into the cytoplasm or nucleus. The HaCaT cells were
treated with CFS-conjugated DAL-PEG-DK5 (25 μg/mL) for 30 min at 37 ◦C. Next, the keratinocytes
were stained with DAPI and phalloidin (nuclear and actin cytoskeleton stains, respectively). As shown
by confocal microscopy (Figure 3C; fluorescence), CFS-labeled DAL-PEG-DK5 appeared to localize to
the cell membrane and of the cells within 30 min post-addition, without entering the nucleus.

As we demonstrated that DAL-PEG-DK5 exerted no cytotoxic effects on keratinocytes at a dose that
is strongly bactericidal against S. aureus, we examined the ability of DAL-PEG-DK5 to kill intracellular
bacteria. For this, human keratinocytes were infected with USA300. All extracellular bacteria were
removed (data not shown) by washing and treatment with lysostaphin (10 μg/mL) before adding
DAL-PEG-DK5. We examined the eradication of intracellular bacteria from keratinocytes at different
multiplicities of infection (MOI 1:5, 1:25, 1:50, and 1:100) and at different incubation times (1, 3, and 6
h). As depicted in Figure 4A, treatment with DAL-PEG-DK5 (50 μg/mL) reduced the intracellular
USA300 load by more than 60% at an MOI 1:50 and 1:100.
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Figure 3. The influence of DAL-PEG-DK5 on physiology of human keratinocytes. The potentially toxic
effect of DAL-PEG-DK5 on HaCaT cells was evaluated using (A) MTT and (B) LDH assay. Cells were
plated on 96-well plates and incubated overnight. Next, keratinocytes were treated with the peptide
at different concentrations (5–200 μg/mL) for 3, 6, 18 h. Mean ± SD n = 2. ** p < 0.005 *** p < 0.001
**** p < 0.0001; 2way ANOVA. (C) Morphology of HaCaT cells was examined by confocal laser scanning
microscopy. HaCaT cells were treated with CFS-conjugated DAL-PEG-DK5 (25 μg/mL) for 30 min
at 37 ◦C and were stained with: DAPI and phalloidin for nuclear detection and actin cytoskeleton
detection, respectively. Blue—DNA; red—f-actin; green-peptide conjugate; scale bar: 10 μm. Images
present single slice of XY stacks.

Efficient elimination of the most intracellular S. aureus was observed at 1 h post-exposure of
keratinocytes to DAL-PEG-DK5 (Figure 4B). The marked decreased in the load of intercellular S. aureus
was also observed during prolonged (6 h) cultivation with infected cells in the presence of the peptide.
To verify the vitality of intracellular bacteria, we stained cells with a LIVE/DEAD Kit (Figure 4B; insert).
In concordance with the CFU (colony forming units) count, the staining results showed both live
and dead intracellular staphylococci in human keratinocytes after incubation of infected cells with
DAL-PEG-DK5 (50 μg/mL for 3 h). Finally, we compared the antibacterial activity of DAL-PEG-DK5
against intercellular S. aureus and planktonic S. aureus. Interestingly, we found that the ability of the
peptide conjugate to kill MRSA inside HaCaT cells and in suspension was comparable (Figure 4C).
The MRSA load in keratinocytes was reduced by 71.5% (compared with a 74% reduction in the number
of live bacteria exposed to the peptide in suspension). Taken together, the results show that the selected
temporin analogue conjugated to enkephalin exhibits potent intracellular anti-staphylococcal efficacy
at a dose that is not cytotoxic to host keratinocytes.
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Figure 4. Bactericidal activity of DAL-PEG-DK5 against intracellular S. aureus. (A) USA300 survival
within infected HaCaT cells. Keratinocytes were infected with USA300 (MOI 1:5, 1:25, 1:50, 1:100)
for 2.5 h and treated with DAL-PEG-DK5 (50 μg/mL) for 3 h. Afterwards, keratinocytes were lysed
and plated on agar plates for counting of bacteria. The number of viable bacterial cells is expressed
as CFU/mL with respect to the number of intracellular bacteria in the corresponding control samples.
The data shown is representative of two separate experiments performed in triplicate. Mean ± SD n = 2.
* p < 0.01; ** p < 0.005; one-way ANOVA. (B) Keratinocytes were infected with USA300 (MOI 1:50) for
2.5 h and treated with DAL-PEG-DK5 (50 μg/mL) for indicated time points (1, 3, 6 h). Afterwards,
keratinocytes were lysed and plated on agar plates for counting of bacteria. The number of viable
bacterial cells is expressed as a CFU/mL with respect to the number of intracellular bacteria in the
corresponding control samples. Mean ± SD n = 2. * p < 0.01; ** p < 0.005; **** p < 0.0001; one-way
ANOVA. For confocal laser scanning microscopy HaCaT cells were infected with USA300 (MOI 1:50)
for 2.5 h, then treated with DAL-PEG-DK5 (50 μg/mL) for 3 h. Afterwards cells were stained with
SYTO 9 and PI. Viable S. aureus cells are stained green while red signals represent dead bacteria and
the host cell’s nuclear DNA stained with SYTO 9 and PI. Scale bar: 10 μm. Image presents single
slice of XY stacks. (C) Keratinocytes were infected with USA300 (MOI 1:50) for 2.5 h and treated with
DAL-PEG-DK5 (50 μg/mL) for 1 h. Afterwards, keratinocytes were lysed and plated on agar plates
for counting of bacteria. In parallel, MRSA (2 × 106 CFU/mL) were incubated with DAL-PEG-DK5
(50 μg/mL) for 1 h and then plated on agar plates. The number of viable bacterial cells is expressed
as a % of control with respect to the number of intracellular bacteria/bacteria in suspension in the
corresponding control samples. Mean ± SD n=2. **** p < 0.0001; one-way ANOVA.

3. Discussion

AMPs have gained increasing attention as novel agents for treating antibiotic-resistant S. aureus
infections [32]. Among naturally existing host defense peptides, temporins are active against methicillin-
and vancomycin-resistant staphylococci [33,34]. Here, we analyzed a set of compounds based on
the sequence of an antibacterial peptide, an analogue of temporin-1CEb (DK5). This compound
shows activity against MDR S. aureus, although it is barely described [18]. This is in contrast to other
temporins such as A, B, 1Tb, CPa, CPb, 1Ga, 1Oc, 1Ola, 1Spa, and PTa [16,33,35–37]. To fill this gap, we
performed a comparative analysis of the properties of DK5 conjugated to compounds that resemble the
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sequence of human peptides with known cytoprotective activity (dalargin, carnosine, and COMB1).
The conjugates were first evaluated for bacteriostatic and bactericidal activity. The data revealed
that the most efficient peptide conjugate was a combination of an amidated form of DK5C linked to
dalargin at the C-terminus by means of PEG linker (DAL-PEG-DK5); this compound displayed marked
bacteriostatic activity against all tested staphylococci.

To examine the clinical relevance of our observations, we expanded the study by examining
the susceptibility of 13 isolates of MDR S. aureus strains to DAL-PEG-DK5. The data revealed that
DAL-PEG-DK5 showed strong antibacterial activity against all tested MRSA strains. We estimated
that the MIC against the majority of tested MRSA strains (90%) was 40 μg/mL (17.56 μM). This value
corroborates findings by Capparelli et al., who showed that temporin A and temporin B analogues
(TB-YK) exhibit antibacterial activity against clinical isolates of S. aureus (strains A170, A172, and 007)
with MIC values ranging from 10 to 25 μg/mL [36]. Consistent with this, Ciandrini and co-workers
tested the antibacterial effects of temporin A against 15 MRSA clinical isolates and found that the MIC
values ranged from 4 to 16 μg/mL [16]. Moreover, temporin-PTa and its analogues display antibacterial
activity against MRSA, with MIC of 0.78–3.12 μM [37]. A similar trend is seen for temporins CPa, CPb,
1Ga, 1Oc, 1Ola, and 1Spa, with MIC values ranging from 1.6 to 12.5 μM against the USA300 strain [33].
Interestingly, we noted that the Newman strain was less sensitive than MRSA strains to the tested
conjugates. This can be explained by the observation published by Boyle-Vavra and co-workers, who
showed that the majority of USA300 isolates were CP (capsular polysaccharide)-negative. Moreover,
whole-genome sequence analysis of USA300 isolates revealed that they all carry a cap5 locus with four
conserved mutations [38]. By contrast, the Newman strain shows wild-type CP5 expression [39,40].
Therefore, we suggest that the presence of CP hinders access by the peptide to the cell membrane.

We found that DAL-PEG-DK5 rapidly disrupts the staphylococcal cell membrane; at 5 min
post-treatment with peptide (10 μg), there was marked permeabilization of the cell membrane, which
corroborates data showing the bactericidal effects of the peptide. The efficient antibacterial activity of
the DAL-PEG-DK5 conjugate may be due to the fact that it has a higher cationic charge than DK5 (+7 vs.
+6, respectively) [25]. However, a α-helicity must also play an important role in this case. According
to a common view about the mechanism underlying the antimicrobial activity of AMPs, formation
of helices by AMPs upon binding to the membranes of target cells is a driving force behind further
incorporation into the deeper layers of the membrane structure; this ultimately leads to disruption
and cell leakage. For example, our previously reported circular dichroism studies show that the
conjugate (DK5-PEG-DAL) was less able to form helices (in the presence of 30 mM SDS in water) than
its DAL-PEG-DK5 counterpart (20% vs. 35% α-helical content, respectively) [25]. The latter (partially)
explains the difference in antimicrobial activity between these two compounds. However, it should
be also kept in mind that the unique amino acid sequences of these peptides define amphipathicity,
charge distribution, and hydrophobicity; these factors may also play a role in the results of the present
study comparing the antimicrobial activity of active DAL-PEG-DK5 with that of moderately active
DK5-PEG-DAL and its inactive scrambled analogue.

Biofilms play a central role in the pathogenesis of severe staphylococcal infections (e.g., chronic
wound infections or medical device-related diseases) [41–43]. To broaden our study, we investigated
the effect of DAL-PEG-DK5 on mature biofilms formed by USA300 and showed that the conjugate is
bactericidal not only against planktonic bacteria, but also against bacterial cells encrusted in the dense
structure of a biofilm. Thus, we conclude that the tested peptide conjugate might be a potential new
therapeutic agent for biofilm-associated infections, as revealed for analogues of temporin 1Tb [35].
However, as DAL-PEG-DK5 is cytotoxic against human keratinocytes in a dose, which is active against
biofilm, therefore its topical application should be carefully considered.

The success of therapy using AMPs depends mainly on their bactericidal effects, which may
be limited against intercellular pathogens. This limitation is mitigated by the amphipathic nature
and high cationic charge of DAL-PEG-DK5, which enables the conjugate to enter host cells. Such a
feature is deemed important for the design of therapies against chronic and relapsing staphylococcal
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infections, which arise as a consequence of the intracellular persistence of S. aureus [27,44]. Here,
we show that DAL-PEG-DK5 can enter keratinocytes easily without affecting cell morphology and
viability. Di Grazia and co-workers observed similar effects when studying the interaction between
temporin A and B and HaCaT cells. After 30 min of incubation with keratinocytes, temporins were
distributed evenly throughout the cytoplasm but did not enter the nucleus [15]. We also observed
that DAL-PEG-DK5 penetrates the cell membrane and accumulates in the cytoplasm, mainly in the
perinuclear area. A marked amount of the peptide was also associated with the cell membrane.
Importantly, our data indicate that the peptide conjugate did not exert any cytotoxic effects against
HaCaT cells at a concentration that was effective against staphylococci.

Cumulatively, these findings encouraged us to test the ability of the peptide conjugate to kill
invasive intracellular MRSA. We demonstrated that after 1 h, DAL-PEG-DK5 (MIC 40 μg/mL, equal
to 17.56 μM) reduced the number (by 71.5%) of viable MRSA cells inside human keratinocytes when
used at 1.25 × MIC. These results agree with those of other studies on peptides with intracellular
activity against S. aureus, which show that temporin A (at 2 ×MIC (MIC 8 μM)) and temporin B (at 4
×MIC (MIC 16 μM)) killed 20% and 40% of the intracellular MRSA clinical isolate, respectively [15].
In addition, a recent report shows that another antimicrobial peptide, CPPTat-JDlys (MIC 40 μg/mL),
reduced the USA300 load in keratinocytes to 20% of that of the untreated control when used at 2 ×
MIC [45]. Remarkably, DAL-PEG-DK5 was as effective at eradicating MRSA inside HaCaT cells as
it was at killing S. aureus in suspension (reduction in the CFU of 71.5% vs. 74%, respectively). This
appears to be due to the peptide’s ability to permeate and accumulate inside mammalian eukaryotic
cells and then exert direct harmful effects against the bacterial membrane. Intracellular activity of
DAL-PEG-DK5 against S. aureus was confirmed using infected macrophages (data not shown). We
showed that temporin-1CEb is an efficient antibacterial peptide against staphylococci engulfed by
human and murine macrophages, but only when combined with dalargin. Although we documented
the direct bactericidal activity of DAL-PEG-DK5 and its efficient permeation of eukaryotic cells, we
cannot rule out the possibility that an indirect mechanism contributes to the eradication of intracellular
staphylococci from macrophages. Such a scenario is highly possible in light of the finding that
DAL-PEG-DK5 exerts significant immunomodulatory effects on human macrophages [19].

In conclusion, we demonstrate that modification of temporin-1CEb to generate a peptide conjugate,
DAL-PEG-DK5, makes the peptide an attractive candidate lead compound for the generation of a
new agent to treat MRSA-related skin infections. Detailed in vivo studies are needed to confirm this
hypothesis; however, it should be mentioned that we previously documented the stability and activity
of this peptide in a murine model of sepsis [19]. The peptide inhibits planktonic growth of different
clinical MRSA strains and kills them in the biofilm. DAL-PEG-DK5 acts by disrupting the integrity of
the bacterial cell membrane without damaging keratinocytes. Such a unique mechanism is probably
the consequence of combining temporin with dalargin, which is known for its cytoprotective properties
towards human epithelial cells, including keratinocytes [25,46]. Taken together, the data presented
herein indicate that the DAL-PEG-DK5 conjugate is a candidate treatment for skin infections caused
by MRSA.

4. Materials and Methods

4.1. Reagents

Gentamicin, vancomycin, linezolid, and lysostaphin were from Sigma-Aldrich
(St. Louis, MO, USA). FBS, DMEM, RPMI 1640, calcium and magnesium free phosphate-buffered
saline (PBS without Ca2+ and Mg2+), and penicillin-streptomycin (PEST) were obtained from Gibco
(Life Technologies, Paisley, UK). CytoTox96 non-radioactive cytotoxicity assay kit was obtained from
Promega (Promega, Madison, WI, USA). Sytox green and LIVE/DEAD BacLight Bacterial Viability kit
were purchased from ThermoFisher Scientific (Invitrogen, ThermoFisher Scientific, Eugene, OR, USA).
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4.2. Peptides Synthesis and Purification

All compounds were synthesized manually by means of the solid phase method
applying Fmoc (fluorenyl-9methoxycarbonyl) chemistry under the standard conditions. S RAM
(substitution 0.25 meq/g, RAPP Polymere, Tubingen, Germany) resins were used as solid
support. The peptide chain was elongated by means of Fmoc-protected amino acids (3 equiv)
using HOBt (N-hydroxybenzotriazole)/HBTU (N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)
uronium hexafluorophosphate) (3 equiv) as coupling reagents in the presence of DIPEA
(N,N-Diisopropylethylamine) (6 equiv). The completeness of each coupling was monitored by
the Kaiser test. The Fmoc-protection after each step of coupling was removed with 20% piperidine in
dimethylformamide (DMF). For fluorescent labeling, N-terminal fluorescein moiety was introduced to
the sequence via its succinimide derivative. Cleavage of the peptides from the resin was achieved
using a TFA/phenol/triisopropylsilane/H2O mixture (88:5:2:5, v/v).

The synthesized compounds were purified by reverse phase high performance chromatography
(RP-HPLC) on Waters system (Phenomenex Jupiter 4 μ Proteo 90 Å column, 250 × 10 mm). The linear
gradient from 10% to 80% B within 60 min (A: 0.1% TFA in water; B: 80% acetonitrile in A) with a flow
rate 5 mL/min was employed. The homogeneity of the final fractions of peptides were analyzed on
Shimadzu HPLC System (Shimadzu Europe GmbH, Duisburg, Germany) equipped with Phenomenex
Jupiter 4 μ Proteo 90 Å column, 250 × 4.60 mm column. Mass spectra of the synthesized peptides
were recorded using a Biflex III MALDI TOF mass spectrometry (Bruker, Mannheim, Germany) with
α-cyano-4-hydroxy-cinnamic acid (CCA) or 2,5-dihydroxybenzoic acid (DHB) used as the matrix.

4.3. Cell Culture

A well-established line of human immortalized keratinocytes (HaCaT cell line) were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM (Gibco,
Life Technologies, Paisley, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and
PEST (100 U/mL penicillin and 100 U/mL streptomycin) at 37 ◦C in humidified 5% CO2 atmosphere.
Cells were passaged every 4–5 days.

4.4. Microorganisms

The staphylococcus strains used in this study, listed in Table 4, were stored in tryptic soy broth
(TSB, Sigma Aldrich, St. Louis, MO, USA) containing glycerol (50% v/v) at −80 ◦C. Cultures were
inoculated from stocks into 10 mL media. Strains were grown overnight under constant rotation (180
rpm) to mid-logarithmic growth phase at 37 ◦C, centrifuged at 5000× g for 5 min, washed in PBS,
and resuspended in PBS to the desired OD (600 nm).

Table 4. Staphylococcus strains used in this study.

Staphylococcus Strains Relevant Properties Source

S. aureus

USA300 Wilde type strain L.N. Shaw [47]

ATCC 25923 Clinical isolate ATCC

Newman Wilde type laboratory strain T.J. Foster

56A1 Clinical isolate *

52B Clinical isolate *

1694 Clinical isolate *

2492 Clinical isolate *

2706 Clinical isolate *
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Table 4. Cont.

Staphylococcus Strains Relevant Properties Source

2872cv Clinical isolate *

3417 Clinical isolate *

4187 Clinical isolate *

6674 Clinical isolate *

7219 Clinical isolate *

7501 Clinical isolate *

7569 Clinical isolate *

7718 Clinical isolate *

S. epidermidis

ATCC 12228 Wilde type strain ATCC

* The clinical strains were collected from nonrelated patients admitted to the Stefan Zeromski Specialist Muncipal
Hospital in Krakow, Poland.

4.5. Cell Viability Test

The viability of HaCaT cells was examined by a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) reduction assay. In brief, cells were
incubated with 10% (v/v) of a 5 mg/mL MTT solution for 1 to 2 h at 37 ◦C until purple precipitate is
visible and acidified isopropanol was added followed by measuring of the absorbance at a wavelength
of 570 nm.

To assess the effect of peptides on the integrity of the plasma membrane, the LDH release assay
was performed using the CytoTox96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. Cytotoxicity was calculated with the formula:
% cytotoxicity = 100 × (experimental LDH release/maximum LDH release), where maximum LDH
release is after lysis solution addition (Triton X-100). Relative amounts of LDH release were measured
(absorbance at 490 nm) using plate reader SpectraMax (Molecular Device, Wokingham, UK). All assays
were performed in triplicate.

4.6. Antimicrobial Activity

Antimicrobial activity of peptides was analyzed through determination of MIC parameter
according to the standard microdilution technique performed on 96-well plates. Mueller-Hinton broth
(MHB, Sigma Aldrich, St. Louis, MO, USA) was used as the working medium for all bacterial strains.
Briefly, inoculum was prepared from freshly grown cultures of bacteria being at their exponential
phase of growth. Each well of 96-well plates containing 100 μL of serially diluted peptides in PBS
at desired concentration was inoculated with 100 μL of 105 CFU/mL of bacterial suspension. Then
plates were incubated overnight 37 ◦C and absorbance was read at 600 nm after 24 h. Wells without
peptide were treated as the positive control, while uninoculated MHB was defined as the negative
control. All measurements were run in triplicates. MIC was defined as the minimal concentration that
completely inhibits growth of microorganisms was performed according to Clinical and Laboratory
Standards Institute (CLSI).

4.7. Efficacy of Peptides on S. aureus Biofilms

The efficacy of peptides to disrupt mature biofilms was followed as described before [48]. Briefly,
USA300 strain grown overnight was diluted 1:100 in TSB + 1% glucose and incubated in 96-well plates
at 37 ◦C for 24 h. After removing media, wells were rinsed with PBS to remove planktonic bacteria
before re-filling wells with fresh MHB. Peptide conjugates were added at desired concentrations and
plates were incubated at 37 ◦C for 24 h. After incubation, wells were washed and biofilms were stained
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with 0.5% (w/v) crystal violet for 30 min. The dye was solubilized with ethanol (95%) and the OD of
biofilms was measured.

4.8. Sytox Green Uptake Analysis

The USA300 strain was grown to mid-logarithmic phase at 37 ◦C, washed, and resuspended in
10 mM sodium phosphate buffer (pH 7.2) Bacterial cells were then incubated with 1 μM Sytox green
for 15 min in the dark. After the addition of desired concentration of peptide conjugate (5–100 μg/mL),
the time-dependent increases in fluorescence caused by the binding of the cationic dye to intracellular
DNA were monitored (excitation at 485 nm and emission at 520 nm) [49].

4.9. Assessment of Bacterial Viability by Using the LIVE/ DEAD BacLight KIT

USA300 cells were collected from overnight cultures, at the end of the exponential growth
phase and the beginning of the stationary phase, washed and suspended at 2 × 107 bacteria/mL
and staphylococci were treated with DAL-PEG-DK5 (0.5–50 μg/mL) for 3 h. In order to obtain a
standard curve, five different proportions of live and dead bacteria were mixed prior to staining.
After the incubation, the 100 μL of bacterial suspensions were transferred to flat bottom black 96-well
microtitration plate. Staining solution containing SYTO9 and PI (100 μL) prepared according to
manufacturer’s instructions was then mixed with bacterial suspensions. Samples were incubated at
room temperature in the dark for 15 min and fluorescence intensity was measured with FlexStation3
Multimode Microplate Reader using a 485 nm excitation filter (for both SYTO9 and PI) and a 530 nm
(SYTO9 emission wavelength) and 630 nm (PI emission wavelength) emission filter. The data were
analyzed by dividing the fluorescence intensity of the stained bacterial suspensions at green emission
by the cell fluorescence intensity of red fluorescence. All samples were prepared in triplicates.

4.10. Antibacterial Efficacy of Peptides Against Intracellular S. aureus

Infection of HaCaT keratinocytes was conducted as previously described [50]. Human
keratinocytes were grown in standard medium in 12 (5 × 105 cells) or 24-well (3 × 105 cells) tissue
culture plates. Following incubation, the cells were infected with USA300 at different multiplicity
of infection (MOI; 1:5, 1:25, 1:50, 1:100) in DMEM supplemented with 10% FBS, without PEST for
2.5 h. After infection, the cells were washed with ice cold PBS and further incubated for 30 min with
lysostaphin (10 μg/mL) to kill extracellular bacteria. DAL-PEG-DK5 was diluted in culture media to
50 μg/mL and added to the cells for an additional 1, 3, and 6 h. The medium alone was used as a
negative control. After incubation, media were aspirated and human keratinocytes were washed twice
with PBS to remove any residual peptide. Then HaCaT cells were lysed with ice cold H2O. The cell
lysates were serially diluted and plated on TSA plates.

4.11. Confocal Microscopy

HaCaT keratinocytes were seeded on coverslips for 24 h in DMEM supplemented with 10% FBS
at 37 ◦C in humidified 5% CO2 atmosphere. After 24 h, cells were washed with PBS and treated with
FITC conjugated DAL-PEG-DK5 (25 μg/mL) for 30 min at 37 ◦C. Then cells were washed with cold PBS
and fixed with 3.7% formaldehyde for 15 min at RT. Afterwards, HaCaT keratinocytes were stained
with DAPI and phalloidin for nuclear and actin cytoskeleton detection, respectively. The coverslips
were placed on glass slide with mounting media and visualized using Zeiss LSM 880 confocal system.

To distinguish vivid bacteria with the intact cell membrane from dead bacteria with the
compromised membrane, the LIVE/DEAD BacLight Bacterial Viability kit was used. SYTO 9 and PI
were mixed in proper ratios, and gave fluorescence signals indicative of alive or dead bacteria. Before
staining HaCaT cells were permeabilized with 0.2% Triton X-100 to allow PI to bind to the dead bacteria
and keratinocyte DNA. Confocal laser scanning microscopy (CSLM) was carried out using Zeiss LSM
880 confocal system equipped with 100× oil immersion objectives and acquired images analyzed in
Zeiss ZEN Microscope Software.
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4.12. Statistical Analysis

Statistical comparisons were performed with Prism 6.0 software (GraphPad Software, Inc.,
San Diego, CA, USA), using one- or two-way ANOVA test for multiple comparisons. p value < 0.05
was considered to be significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4761/s1.
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Abbreviations

AMPs Antimicrobial peptides
DMEM Dulbecco’s Modified Eagle’s Medium
CFU Colony forming units
FBS Fetal bovine serum
MIC Minimal inhibitory concentration
MOI Multiplicity of infection
OD Optical density
PBS Phosphate buffered saline
PI Propidium iodide
SCR Scramble peptide
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Abstract: Resistance to antibiotics is one of the main current threats to human health and every
year multi-drug resistant bacteria are infecting millions of people worldwide, with many dying
as a result. Ever since their discovery, some 40 years ago, the antimicrobial peptides (AMPs) of
innate defense have been hailed as a potential alternative to conventional antibiotics due to their
relatively low potential to elicit resistance. Despite continued effort by both academia and start-ups,
currently there are still no antibiotics based on AMPs in use. In this study, we discuss what we
know and what we do not know about these agents, and what we need to know to successfully
translate discovery to application. Understanding the complex mechanics of action of these peptides
is the main prerequisite for identifying and/or designing or redesigning novel molecules with potent
biological activity. However, other aspects also need to be well elucidated, i.e., the (bio)synthetic
processes, physiological and pathological contexts of their activity, and a quantitative understanding
of how physico-chemical properties affect activity. Research groups worldwide are using biological,
biophysical, and algorithmic techniques to develop models aimed at designing molecules with the
necessary blend of antimicrobial potency and low toxicity. Shedding light on some open questions
may contribute toward improving this process.

Keywords: antimicrobial peptides; antimicrobial resistance; AMP identification and design;
biosynthesis; mode of action; physico-chemical properties; therapeutic potential

1. Antibiotics and Antimicrobial Resistance—History is Important

Despite a common misconception, exposure to antibiotics is not confined to the modern antibiotic
era starting from the early 20th century. Ancient civilizations used antibiotics to treat bacterial
infections, with topical applications of moldy bread to wounds being well documented in ancient
Egypt, China, Greece, and the Roman empire [1]. Traces of molecules related to modern day antibiotics,
the tetracyclines, have been found in skeletal remains from ancient Sudanese Nubia (350–550 A.D.) and
from the Roman period in Egypt [2–4]. In both cases, it is presumed that they were ingested with grains
contaminated by Streptomycetes [3,4] and most likely had a preventive role rather than a “systemic”
effect on infection. Remedies used in traditional Chinese medicine have been the source of potent
anti-infective agents for millennia, with artemisinin or “qinghaosu” which is a potent anti-malarial
drug, being one of the best known examples [5].

The modern antibiotic era begins with Paul Erlich’s concept of the “magic bullet” at the beginning
of the 20th century. Together with the chemist Alfred Bertheim and bacteriologist Sahachiro Hata,
he discovered the arsenic dye arsphenamine, which was later called Salvarsan or 606 (it was the
606th compound tested) as a potent anti-syphilis drug [2,6]. This was known as antimicrobial
chemotherapy, and the first widely available antibiotic, introduced in 1935 by Gerhard Domagk, was
sulfonamidochrysoidine or Prontosil, with antibacterial activity occurring in a number of infectious
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diseases. It was soon determined that Prontosil is a precursor to p-aminophenylsulfonamide, already
discovered in 1908 and not patentable, but which led to easily modified derivatives and the era of
sulfonamide antibiotics [7]. Penicillin, which is one of the best known antibiotics, was discovered in
1928 by Alexander Fleming, even though mass production started more than 15 years later during World
War II, following synthesis and purification work carried out by Howard Florey and Ernest Chain [2,8].
In 1944, Selman Waksman (considered “the father of antibiotics” and who first coined the term)
discovered an aminoglycoside antibiotic from Streptomyces griseus and named it streptomycin [9,10].
This marked the beginning of a golden age, which led to the discovery of more than 20 different groups
of antibiotics in the following decades, of several different types: sulfonamides, β-lactams (with penicillin,
cephalosporin, monobactam and carbapenem subclasses), aminoglycosides, quinolones, cyclic peptides
(including gramicidins, polymyxins, glycopeptides, lipopeptides and lipoglycopeptides), tetracyclines
(including glcyclines), macrolides (including ketolides), amphenicols, nitroimidazoles, dihydrofolate reductase
(DHFR) inhibitors, lincosamides, oxazolidinones, and ansamycins (see Figure 1).

There is no doubt that antibiotics have changed the course of medicine and saved untold millions
of lives worldwide since they were first introduced. Infectious diseases that could not be previously
treated, and their catastrophic effects, could now be easily controlled. However, resistance started
to emerge rapidly. Resistance of Staphylococcus to penicillin had already emerged by 1940, before
mass production had even begun, while resistance toward methicillin was first reported only two
years after its introduction (see Figure 1). Fortunately, during the golden age, novel antibiotics kept
being discovered and developed for clinical use. The glycopeptide vancomycin, in use from 1958,
was widely believed to be resistance-proof, but, by 1986, a resistant Enterococcus had appeared, and
resistant staphylococci emerged before the end of the century (see Figure 1). Multi-drug-resistant
(MDR) bacteria have, by now, become a major concern, with the emergence of pan-drug resistant (PDR)
or extensively-drug resistant strains (XDR, see Figure 1) such as Mycobacterium tuberculosis resistant to
fluoroquinolones and all second-line injectable drugs (capreomycin, kanamycin, or amikacin) [11]. It is
conservatively estimated that, in the US and Europe, 2.5 million people are affected by such infections
each year, and approximately 50,000 people die as a result of the infection [11].

A related major concern is the drying up of the pipeline over the last 30 years, and novel classes
of antibiotics entering into it (see Figure 1). Among the limited number of promising compounds
at various stages of clinical investigations and development [12], few, if any, represent a truly new
class, with a completely different mode-of-action to previously approved drugs. Such an example are
oxazolidinones, with linezolid being introduced in 2000, but, unfortunately, staphylococcal resistance
emerged shortly after (see Figure 1) [13]. In this period, ketolides, glycylcyclines, and lipopeptides have
also been introduced (see Figure 1). However, telithromycin (ketolide) and tigecycline (glycylcycline)
showed adverse side effects, which prompted the Food and Drug Administration (FDA) to label
the products with their strongest form of warning known as the “black box warning” [14,15]. As a
consequence, telithromycin was discontinued from further use. Daptomycin, which is a lipopeptide,
was introduced in 2003 and showed success, but was removed from the World Health Organization
(WHO) List of Essential Medicines in 2019 [16].
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The drying pipeline has resulted in some shelved antibiotics returning to clinical practice despite
inadequate pharmacological properties, such as colistin (polymyxin E). Discovered in 1950 by Japanese
researchers [21], it was abandoned shortly afterward due to its nephrotoxicity [36] and the abundance
of other equally potent antibiotics with less pronounced side effects. It is now being used as a “drug of
last resort” against Gram-negative bacterial infections [37]. However, cases of resistance to it have
recently been reported [38], with plasmid-mediated dissemination of the mcr-1 gene was reported in
Escherichia coli in 2016 [24], of mcr-8 in Klebsiella pneumoniae [25], and mcr-9 in Salmonella enterica [26]
soon after (see Figure 1).

It is, therefore, evident that novel anti-infective agents with alternative modes of action are
urgently required to battle the ever evolving, multi-drug resistant bacteria. In 2017, the WHO posted
a shortlist of the critical strains to combat: carbapenem- and 3rd generation cephalosporin-resistant
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae [39]. Many research groups
worldwide are now devoted to solving this crisis and, among other molecules being considered [40,41],
antimicrobial peptides (AMPs) are hailed as possible alternatives to conventional antibiotics for some
therapeutic uses, which have a relatively low potential to elicit resistance [42]. Few believe that
completely resistance-free antimicrobials can be developed any more.

2. Antimicrobial Peptides—What Are They?

“I Like the Dreams of the Future Better than the History of the Past.”

-Thomas Jefferson (1743–1826)

There is no univocal answer to this question, but we can find a consensus of what the antimicrobial
peptides research community says that they are: multifunctional effector molecules, often gene encoded,
produced by almost all organisms, and having a direct antimicrobial activity and/or immunomodulatory
properties [43,44]. In light of the burgeoning resistance problem, peptides with a direct antimicrobial
activity (AMPs) and often immune-regulatory capacities are easy to fit to the “dream (molecules) of
the future” definition, to paraphrase Thomas Jefferson. Many AMPs have been discovered to date (see
below), and they are reported to be active against Gram-negative and Gram-positive bacteria, against
infective fungi and sometimes with antiviral, antiparasitic, or antiprotozoal properties [45]. Many of
these have also been shown to modulate host immunity by activating immunocytes, and modulating
inflammation, alternatively suppressing or promoting it [46]. To emphasize their pleiotropic nature
in higher organisms, natural AMPs are often referred to as ‘host defense peptides’ (HDP), or, more
specifically, as ‘innate defense regulatory (IDR) peptides,’ since reports on their immunomodulatory
activities have mostly been confirmed at the level of innate immunity [46,47]. Their impact and
importance to innate immunity is supported by their abundance in all eukaryotic organisms (fungi,
algae, plants, invertebrate, and vertebrate animals), and distribution in cells and tissues at the front line
of host defense against infection (mainly circulating immunocytes and epithelia) (see Figure 2). The
dedicated Collection of Anti-Microbial Peptides (CAMPR3) database currently contains 8164 entries for
peptides, most of which (~74%) come from animals [48]. A particularly abundant source are anuran
species, with almost two thousand peptide sequences reported in the dedicated Database of Anuran
Defense Peptides (DADP) [49]. AMPs are, however, also well represented in prokaryotes, produced by
both Gram-negative and Gram-positive bacteria, with one abundant class being the bacteriocins [50].
In this case, however, their role is somewhat different to that in eukaryotes, as they are principally
used to clear the immediate environment of producer bacteria from competition by closely related,
bacterial strains [50].
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Figure 2. Distribution of AMPs across kingdoms based on sequences in the CAMPR3 database.
(http://www.camp.bicnirrh.res.in/dbStat.php) [48].

3. Ribosomal vs. Non-ribosomal Synthesis and Antimicrobial Peptide Precursors

AMPs are often gene encoded and ribosomally synthesized (this is, by far, the most common
case in eukaryotes), or can be assembled by large multi-functional enzymes known as non-ribosomal
peptide synthetases (NRPSs) [51,52]. The latter process is used by bacteria and fungi [52] and allows
incorporation of non-proteinogenic amino acids into the peptides (often the D-enantiomers of natural
residues) and to further modify the peptides with ring formation, glycosylation, hydroxylation, or
acylation [53,54]. There are ~500 non-proteinogenic amino acids known today, which possess added
structural and functional features that can contribute significantly to a peptide’s potency. In fact,
the cyclic peptide antibiotics polymyxin B, gramicidin S, and vancomycin are synthesized in this
manner [54] and all contain some non-proteinogenic amino acids in their sequences [53,55].

Gene encoded, ribosomally synthesized peptides are produced by almost all forms of life, including
bacteria [42,48,56]. Quite often, multiple AMP genes are clustered at a single chromosomal locus, which
is the case with α- and β-defensins [57] and can be co-expressed. They are, furthermore, frequently
expressed as inactive precursors, containing a signal peptide region and a pro-piece that can serve to
keep the mature peptide inactive until it is conveyed to the site of infection, where it is proteolytically
released (see Figure 3). For this reason, the pro-piece is often anionic to complement the mature
peptide, which is generally cationic. In most cases, the pro-region precedes (it is N-terminal to) the
AMP sequence, but cases are known where it is the C-terminal ( such as for some fish and plant
peptides) [58,59].

 

Figure 3. Representation of AMP expression. Peptides are cleaved at dibasic cleavage sites (-KR, -RR,
in red). The proregion has a distinctly anionic nature. Depicted peptide sequences belong to anuran
AMPs from the Ranidae family [60–63].
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The activity of AMPS is, therefore, regulated not only by the expression level but also by the
presence and abundance of appropriate proteases at the right place and the right time to cleave the
peptide, which is generally at dibasic cleavage sites (see Figure 3) [57,64]. The signal peptide is a
common feature of prokaryotic and eukaryotic proteins that need to enter secretory pathways [65]. A
very useful aspect of antimicrobial pro-peptides is that signal regions for a given class can be much more
evolutionarily conserved than the mature peptides themselves (see Figure 3) [58,66–68]. This provides
a very useful handle for sequence mining in databases. The diversity of the mature AMP sequence
most likely occurs as species’ adaptation to specific microbial communities in a particular environment.
While there is still no solid explanation for the phenomenon of signal sequence conservation, it gives
valuable insights into the evolution of some AMP families, as in the case with the anuran ones [69].

Lastly, it is worth noting that a majority of gene encoded AMPs undergo post-translational
modifications, currently classified into more than 15 types, including disulfide-bridge formation,
N-terminal or C-terminal capping (acetylation, pyroglutamic acid formation, amidation), halogenation,
hydroxylation, phosphorylation, glycosylation, etc. Peptides can be modified to a greater or lesser
extent, which contributes to peptide potency and/or stability [70].

4. Physico-Chemical Properties

Certain physico-chemical properties of AMPs are undeniably related to their interaction with lipid
molecules that make up the bilayer system in the membrane of the target cells and correlate directly
with the peptides’ biological activity and specificity. In fact, the same consideration could be made for
other components of the microbial cell wall, but the data is less consistent. However, even limiting one’s
focus to the lipid bilayer, there is still an imperfect understanding of the complex relationship between
the AMP and membrane, since even peptides with very similar structures can have remarkably different
reported mechanisms of action (e.g., buforin and magainin 2, or LL-37 and the rhesus orthologue
RL-37) [71–73]. A better understanding of the relationship between physico-chemical properties and
biological activity is, therefore, required to identify features that are responsible for potency and
specificity of AMPs.

4.1. Molecular Type, Size, and Structure

AMPs have been divided into several categories, according to particular features of their secondary
structure. The simplest and most widely used classification divides them into extended structures,
linear α-helical peptides and peptides with β-sheet or hairpin-like structures, generally braced by
disulfide bridges [74]. Guha et al. [75] have, however, proposed a more elaborate taxonomy based on
secondary motifs, with six different groups including i) α-helix, ii) 3/10 helix, iii) pi-helix, iv) β-strand, v)
β-turn, and vi) disordered coil, which may concern the entire peptide or only parts of it, where some
scaffolds combine to make different structural motifs. Essentially, this classification still depicts three
major classes of AMPs: helical, β strand, and extended. In this review, the latest Wang terminology will
be used to classify peptides in four classes [76]: α helical (e.g., human LL-37), β sheet (e.g., the human α

defensin HD-4), αβ peptides (e.g., the human β defensin hBD-2), and non αβ peptides (e.g., the small,
extended Trp-rich peptide indolicidin) (see Figure 4).
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Figure 4. An overview of major structural classes of antimicrobial peptides. The structures taken
as an example were solved either by nuclear magnetic resonance spectroscopy or X-ray diffraction
and coordinates were downloaded from Protein Data Bank (PDB) (https://www.rcsb.org/) [77]. PDB
IDs: LL-37 (2k6o), human α-defensin-4 (1zmm), human β-defensin-2 (1fd3), and indolicidin (1g89).
Visualization was done using PyMOL 1.8 [78] and amino acids colored according to a normalized
Eisenberg hydrophobicity scale (light grey—polar, red—hydrophobic) [79].

The “α−helical” peptides, which are among the most studied and, consequently, the better
understood, generally exhibit little or no structuring in a bulk aqueous solution, but only adopt this
defined secondary structure in the presence of a bacterial membrane or some other type of anisotropic
environment (sodium dodecyl sulfate micelles or water/trifluoroethanol mixtures) [46]. The adoption
of this active structure is aided by:

• the presence of helix-stabilizing residues distributed throughout the sequence (e.g., Leu, Ala, Lys),
• the clustering hydrophobic residues on one side of the helix when it forms, which allows insertion

into the membrane bilayer (or, seen the other way round, the presence of a lipid layer that induces
appropriately distributed hydrophobic residues to cluster into a well-defined sector of the helix
by interacting with it),

• salt-bridging between oppositely charged residues placed next to each other when the helix forms
(normally, but not necessarily, when these residues are spaced three or four positions apart [80]).

It should be noted that increased helix stability correlates with increased potency, but only to a
certain extent [81]. In fact, an increased propensity to transit from a coiled to helical conformation
on passing from bulk solution to the membrane surface will generally positively affect activity. On
the other hand, an increased propensity for helix formation in bulk solution will result in ‘sticky’
molecules (due to formation of a hydrophobic sector exposed to an aqueous environment), that tend to
oligomerize or interact with other hydrophobic molecular surfaces. In the first case, this will alter the
mode of the membrane interaction, which inevitably affects activity. In the second case, it leads to
sequestration, with a negative effect on potency [72,82].

The size of helical peptides (sequence length) is also an important feature, especially in the context
of peptide activity, since a minimum of seven to eight amino acids are needed to form an amphipathic
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structure [71] with separate hydrophobic and hydrophilic faces. One of the shortest peptides (only
10 residues) that was reported to have antibacterial activity, PGLa-H, was isolated from the skin of
the African clawed frog Xenopus laevis, and is capable of adopting an α−helical conformation in an
anisotropic environment [83]. Peptide length was initially thought to be particularly important when
helical peptides were thought to form barrel-stave pores in the membrane (see below). At least 22
residues are required for them to span a canonical lipid bilayer, whereas the more extended peptides
could do so with as few as eight residues [71]. However, very few AMPs have been found to form
barrel-stave pores.

It is difficult to directly relate the length of a membrane-active peptide to its cytotoxicity. The bee
venom-derived melittin becomes significantly less toxic when shortened from the original 26 residues
to only the 15 C-terminal residues [84], but this is more likely related to the removal of a section
with features favoring membrane insertion, rather than just reducing the size. In fact, by conversely
doubling the size of the previously mentioned 10-residue PGLa-H in a tandem repeat resulted in a
peptide with significantly greater potency against bacteria without greatly affecting toxicity toward
host cells, so that the effect can be selective [85]. Therefore, it is wrong to conclude that the simple
shortening or extending of a certain sequence will result in more favorable properties. It may be more
appropriate to alter the length, while at the same time, maintaining an appropriate balance between
hydrophobic and polar residues, and not drastically affect hydrophobicity or charge (see below). In
any case, natural AMPs generally have relatively short sequences (normally under 50 residues) with
the majority of known peptides in the 10-30 residue range [45].

With respect to other structural types, one well understood group are the proline-rich AMPs
that, due to the abundance of proline residues, adopt an extended, likely polyproline type-II,
conformation [86]. This type of AMP acts principally by translocating into bacterial cells without
damaging their membranes (see below) using specific transport systems to then hit intracellular targets.
Shortening these peptides affects both of these functionally essential aspects, and it has been reported
that a minimum length is required for efficient antimicrobial activity [86]. In this case, requirements
for the presence of specific motifs in the sequence may constrain how and to what extent a peptide can
be shortened [87].

Trp-rich peptides, which are generally also Arg-rich, appear to enter bacteria via a sort of self-promoted
uptake, without membrane disruption (see below), to then inactivate internal targets [88–90]. Trp residues
are aromatic but the indole ring has a dual hydrophobic/hydrophilic nature and tends to partition at the
membrane water interface. While the Arg residues undergo electrostatic interactions with membrane
surface components, the guanidinium group also contributes to cell penetration. These distinctive
properties make very short Trp-rich peptides active.

Defensins have size constraints that are determined by the fact that their scaffold is braced by
at least three disulfide bonds, and participating Cys residues can be located towards the termini, so
that shortening knocks bridges out with an inevitable effect on structure and function. In any case,
some attempts have been made to design ‘mini-defensins’ by maintaining only part of the scaffold
and only one disulfide bridge [91,92]. Therefore, appreciable antimicrobial activity is maintained.
Several studies suggest that disulfide bridges are dispensable, so that linear analogues or fragments
may appear to maintain or even increase activity with respect to the native peptides [92–97]. One
study reported that the reducing environment of the colon may break disulphide bridges in hBD1,
which renders it a more a potent antimicrobial agent [98]. This very likely alters the target and mode
of action with respect to the native defensin, which is suggested by the fact that the IDR activity of
defensins on host cells, which also likely depends on membrane interaction but in a different manner,
can be significantly reduced in linearized peptides while the AMP activity is not [93,94]. Furthermore,
oligomerization plays a significant role in the mode of action of many defensins, by determining how
they interact with the membrane, and is likely to be very sensitive to such drastic structural alteration
as knocking out disulfide bridges.
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4.2. Charge and Hydrophobicity

The net charge of known natural AMPs varies widely from cationic (most often) to anionic (rare),
which ranges from +16 to −6 [80,99–101]. The vast majority of identified peptides have an intermediate
net positive charge (centering around +6) that can be directly correlated with peptide potency and
selectivity. There seems to be an optimum charge span for activity, so that higher or lower values
outside this range can result in reduced activity toward bacterial cells and/or increased toxicity toward
host cells. The relationship between these parameters and function has again been most extensively
probed in helical peptides. Dathe et al. [102] have shown that increasing the charge of magainin
analogs above +5 resulted in both increased hemolysis and loss of antimicrobial potency. Giangaspero
et al. [81] came to a similar conclusion when varying the charge of helical peptides, which, otherwise,
had relatively similar mean hydrophobicity, amphipathicity, and helicity. The decreased amicrobial
potency was, in part, attributed to a reduced propensity for helix formation due to the increased
charge density (clustering of positive charges in one sector of the helix leads to repulsion). More recent
findings suggest it could also result from repulsion between highly charged peptides at the membrane
surface, which leads to a lower concentration of membrane-adsorbed peptides [103]. In principle, the
distribution of positively charged residues should not correlate with peptide potency, which should
only depend on the overall peptide charge [81,104]. However, it can make a significant difference if it
affects the formation of helix-stabilizing salt bridges, as observed in artificial variants of the human
helical peptide LL-37 [73].

In a similar way, there seems to be an optimal hydrophobicity window for peptides to have an
optimal balance between antimicrobial activity and host cell toxicity. On average, AMPs contain
approximately 50% hydrophobic residues. The overall hydrophobicity affects the peptide’s capacity
to partition into the lipid bilayer, and can be directly correlated with both potency and host cell
toxicity [105]. Increasing or decreasing this property outside the optimal range can result in a
decrease of antimicrobial activity and an increase in blood cell lysis, not necessarily accompanied by
improved antimicrobial activity [81,105,106]. In fact, an increased hydrophobicity can result in reduced
antimicrobial activity if it promotes self-association, for the same reasons as an excessive stabilization
of the helical structure (see above). This impedes access to the bacterial membrane and, therefore,
lowers the concentration of the peptide actually impacting it [104,106].

4.3. Amphipathicity and Structural Stability in Helical Peptides

Overall, hydrophobicity is one of the key properties related to biological activity of any given
AMP sequence. Unlike the charge, where its distribution is not necessarily correlated with potency
(see above), the arrangement of polar and hydrophobic residues (~50% in AMPs) into an amphipathic
structure sets some constraints on the primary structure, and it plays a key role in peptide activity
more than the hydrophobicity itself [107]. However, what exactly is the amphipathicity? This property
refers to the topographic distribution of hydrophobic and polar residues within the peptide sequence,
which results in a more or less accentuated spatial separation in the active AMP structure. For a helical
conformation, this occurs if polar/charged and hydrophobic residues cluster on opposite sides (of a
hypothetical cylinder around which the helix is wound, see how this relates to the structure in the
human helical AMP LL-37, in Figure 5). It can be numerically quantified in terms of the hydrophobic
moment (μH) [79]. While an α-helix is one of the simplest and more efficient ways to generate an
amphipathic structure, other types of active conformations such as in β−sheet peptides can also adopt
an amphipathic arrangement, to a greater or lesser extent. However, it is more difficult to both visualize
and quantify this [80,108].
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Figure 5. Secondary structure and helical wheel projection of human cathelicidin LL-37. The structure
and projection were, respectively, obtained from PDB [77] (ID: 2k6o) and HeliQuest [109]. The residues
were colored according to their hydrophobicity with ~40% hydrophobic and 60% polar amino acids in
an appreciable amphipathic arrangement. Hydrophobic (yellow and green), polar charged [red (−) and
blue (+)], polar uncharged (light to dark purple), and glycine (grey).

Amphipathicity aids activity of helical peptides since it allows them to sink their hydrophobic
faces into the membrane bilayer, which is an essential step leading to membrane disruption. It must be
correctly tuned for an optimal balance between anti-bacterial potency and host cell toxicity. In general,
the hydrophobic moment in helical AMPs is around 60% of the maximum possible value. Increasing it
above this value does not greatly increase potency but can significantly increase toxicity [81,82].

Lastly, helicity is the propensity of an AMP to adopt a helical structure. As discussed above, it
plays a significant role in the antibacterial activity, and, in general, it seems to correlate more with
the toxicity toward host cells than antimicrobial potency, in a manner that relates to its effect on
oligomerization. It can be reduced by incorporating D-amino acids into the peptide sequence, without
greatly affecting potency. However, this can narrow the activity spectrum. As reported by Papo
et al. [110], replacing up to a third of L-amino acids with their D-enantiomers resulted in peptides
devoid of haemolytic activity that maintained an appreciable antibacterial potency, especially against
Gram-negative bacteria. Furthermore, they are protected from proteolytic degradation, which should
increase the bioavailability of such synthetic peptides.

5. Mode of Action

The mechanism of action of numerous AMPs has been extensively studied. Experiments have
often been carried out with artificial membranes, typically large or giant unilamellar vesicles, and
less frequently on microbial cells, using fluorescent dyes and labeled peptides. In any case, a widely
accepted subdivision of AMPs, according to their mode of action, is i) membrane active and ii)
non-lytic [111]. Some AMPs can act upon bacteria using both of these two major mechanisms, and
sometimes switching from one to the other, depending on the peptide concentration, the membrane
characteristics of a particular bacterial species, or its growth phase [112].
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5.1. Disrupting Bacterial Cytoplasmic Membrane Integrity—A Primary Inactivation Mechanism

The term “membrane permeabilizing” peptides (MPP) [75] is more general than the often, and
sometimes inappropriately used, “pore-forming” peptides [113–115]. Considering the complexity of
lytic mechanism(s) of membrane-active AMPs (which is not restricted only to “pore-forming”), it is
more appropriate (see Figure 6). An MPP must initially partition into a membrane and, therefore, be
amphipathic for at least part of its structure, i.e., it must have some form of “interfacial activity.” This,
nonetheless, allows for remarkable structural diversity, which results in functional diversity, so that
some MPPs are active only against a narrow spectrum of microbial species while others have a very
broad spectrum of activity. Wimley’s group has recently pointed out that the process of membrane
permeabilization should not be considered as being simply due to a series of stochastic events involving
one or more peptide molecules, nor should it be ascribed to a well-defined sequence of events. In other
words, it requires neither discrete events nor the formation of static molecular entities. It is better
described as a “mechanistic landscape” that varies depending on the experimental conditions and
variables such as peptide concentration, bilayer lipid composition, temperature, ionic strength, and
pH [75].

Results from a recent molecular dynamics (MD) simulation case study on maculatin, isolated from
the skin glands of a green-eyed tree frog Litoria genimaculata [116], are in line with the proposed scenario.
This particular peptide has been reported to act by pore formation [117]. Simulation work done by
Wang et al. [118] showed that these pores continuously form and dissociate in the membrane. Moreover,
the architecture of the pores varies, and is dominated by hexamers, heptamers, and octamers, with
peptide molecules having a strong but not absolute preference for an antiparallel peptide orientation in
the oligomers. Remarkably, the assembly of maculatin into pores seems to be driven by the successive
addition of peptide molecules to an already existing transmembrane inserted helix to form a growing
oligomer. Therefore, the translocation of the polar side chains of the incoming peptide is ‘catalyzed’ by
the polar face of the already inserted peptide(s).

It follows that, even for very well-studied AMPs, the molecular mechanisms of membrane
permeabilization cannot have been completely elucidated, and many questions remain [75,119]. Yet,
some common steps can be inferred to occur at the bacterial membrane, which eventually leads to its
disruption. This includes: i) initial attraction of the AMP to the membrane surface and interaction,
ii) adoption of an active conformation, iii) insertion into the bilayer and concentration dependent
accumulation, and iv) (in some cases) self-association/oligomerization [111]. The order in which these
three steps occur will significantly affect the type of membrane lesion.

Most α−helical AMPs do not adopt this conformation in a bulk solution (see above) so that the
initial interaction at the membrane level occurs between a positively charged peptide coil and the
negatively charged phospholipid head-groups in the bacterial membrane surface [80,121]. This allows
redistribution of hydrophobic sidechains so that they can interact with the membrane acyl chains
leading to adsorption into the membrane, which, in turn, induces conformational changes in the
peptide (to a stable amphipathic helix) that maximize these interactions [122], and this allows a deeper
insertion into the lipid bilayer, which alters its structure. In other words, it follows the steps i), ii), iii),
iv) in that order. By contrast, β−sheet peptides already have a stable, disulphide-braced amphipathic
conformation that is maintained on membrane insertion. This is likely the case for pre-formed helical
peptides, like LL-37, which are stabilized by internal salt-bridges [123]. In both cases, the pre-formed
structures favor oligomerization [72,124], so these peptides may follow a different order for the steps
ii), iv), i), iii).
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Figure 6. Proposed mechanisms of action of membrane permeabilizing peptides. Barrel-stave
mechanism (alamethicin, PDB ID: 1amt), toroidal mechanism (magainin 2, PDB ID: 2 mag), carpet
mechanism (aurein 1.2, PDB ID: 1vm5). Peptide structures were chosen from PDB [77] while taking their
specific modes of action into account. The lipid bilayer was downloaded from the CHARMM-GUI.org
website [120] (green: lipid tail, red, and blue: lipid head) and the manually created pores are only
indicative. Visualization carried out using PyMOL 1.8 [78]. Note that not all interactions include pore
formation and, for figure clarity, those are not included in this presentation (see above).

Once on the membrane, a critical peptide concentration is, in any case, required to induce membrane
lysis, which can occur by different mechanisms (see Figure 6). Several different mechanisms have been
proposed to lead to membrane lesions, which involve more or less well-defined molecular entities.

• Historically, the first proposed mechanism was for a certain number of peptide molecules to
assemble and flip from a parallel to a perpendicular orientation with respect to the membrane
surface, to form barrel-stave pores. The amphipathic structure would allow their hydrophobic
surface to interact with the membrane lipids and hydrophilic regions to line the core of the
channels, which promotes lateral peptide-peptide interactions. This mechanism, however, has
turned out to be rare, and seems to apply to a limited number of AMPs, such as pardaxin [125]
and non-proteinogenic alamethicin [126].

• In a second, less organized model, peptides remain aligned perpendicularly to the membrane
surface, with the hydrophobic region inserted in among the acyl chains. On accumulation,
this causes the bilayer itself to cavitate so that the hydrophilic region of the peptides line a
wormhole or toroidal pore. Re-oriented phospholipid head groups also line the pore so that
precise peptide-peptide interactions, or even a defined number of participating molecules, are
not required, which makes it much more permissive for diverse primary structures than the
barrel-stave pore. Such behavior is reported for the helical peptides magainin 2 [111] and
aurein 2.2 [127]. These pores are reported to have relatively short lifetimes and can collapse,
which allows the constituent AMPs to gather on the inside membrane bilayer surface, or it can
extend and combine to lead to membrane micellization. For the bee toxin peptide melittin, for
example, MD simulations suggest that toroidal pores are quite disordered and follow the latter
pathway [128,129].

• In a third, even less organized model, peptides concentrate on and coat the surface to lead
to micellar structures involving limited areas of the lipid bilayer, which, on removal from the
membrane, leave large lesions behind. This non-specific, detergent-like mechanism does not
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necessarily require discrete pore formation but just surface accumulation, so it has been called the
carpet model. It has been proposed alternatively for magainin and aurein 1.2 [130,131].

The last two mechanisms are not necessarily mutually exclusive, but could fit into Wimley’s “mechanistic
landscape,” which occurs at different peptide concentrations, in a membrane-dependent manner. Other
less disruptive mechanisms have also been proposed for AMPs, and include membrane thinning,
depolarization or fusion, electroporation, and targeting of specific phospholipids [74,80,119]. In any
case, they are all attempts to simplify mechanisms that are extremely complex and dependent on a
number of variable conditions, in an attempt to make them more comprehensible. This poses the
risk of limiting the mode of action of membrane permeabilizing peptides to a few “main categories”
considered separately. But how realistic are these proposed models? And how reliably do they
explain AMP behavior? Years of research carried out mostly on very simplified membrane models
(e.g., liposomes) [75], have shown that the mode of action can vary substantially with very subtle
modifications in a lipid-to-peptide ratio or membrane surface charge, even for a given AMP [132].

In summary, although we are far from a complete picture of how even the best studied peptides act,
it is safe to say that AMPs, likely act in vivo using several possible membrane-disrupting mechanisms,
with time frames and to extents that depend on environmental conditions. Any given permeabilizing
model may, therefore, solve part of the puzzle but is unlikely because it does not provide the entire
solution. This lack of dependence on specific interactors or defined mechanistic pathways may have
contributed to the relatively low incidence of bacterial resistance to AMPs, despite many millions of
years of continuous exposure to them. Bacteria can counteract them by altering the surface properties
(mainly charge) in different ways, but this is a metabolically expensive, and, therefore, a transient form
of induced resistance [133].

5.2. Non-Lytic Intracellular or Extracellular Mechanisms of Action

Some AMPs do not rely on a directly membranolytic mechanism, but act on extracellular or
intracellular targets [74,86,112,134,135]. These act on the outside, disrupting septation or cell-wall
biogenesis to impede cell division and weaken the structural integrity of the cell, or it can pass
through the bacterial cytoplasmic membrane, without necessarily disrupting it, and inactivate specific
metabolically essential components inside the cell.

With respect to the latter type, Trp-rich AMPs have been reported to enter bacteria by direct
translocation, which is a process that has some aspects in common with pore formation, but without
resulting in cell lysis [88–90]. Instead, the proline-rich AMPs enter susceptible bacterial cells using
specific membrane transport proteins [86,136]. Even helical AMPs could, in principle, internalize
into bacteria, without apparent membrane lysis, simply through the rapid formation/collapse of
pores. Regardless of the peptide uptake mechanism, and according to a slightly modified Le at al.
classification [135], internally and externally acting AMPs can be classified into six groups depending
of their specific targets, which is listed below.

5.3. Nucleic Acid Biosynthesis and Metabolism Inhibitors

This group of peptides is represented by the helical buforin II and Trp-rich indolicidin [137,138].
Buforin I, which is the parent peptide to buforin II (a 21 amino acid fragment), is homologues to
the N-terminal fragment of the DNA-binding protein histone H2A [139]. Some variants of buforin
II have shown affinity toward double stranded nucleic acids [140], while designed analogues were
found to have a greater binding affinity for RNA [141]. Indolicidin, which is a peptide of bovine origin
belonging to the cathelicidin family, has been found to act both by disrupting the bacterial membrane
and by inhibiting DNA synthesis, or, more specifically, inactivating DNA topoisomerase [138,142,143].
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5.4. Inhibitors of Protein Biosynthesis and Folding

Bovine cathelicidin Bac7, which is a 60 amino acid long peptide isolated from bovine neutrophils,
interferes with complex machinery involved in protein synthesis. Its activity seems to reside at the
N-terminus, so that a 35-long fragment, Bac71-35, is fully active and has been shown to inhibit protein
translation by targeting ribosome subunits, without affecting DNA synthesis or transcription. This
specifically inhibits the process of protein synthesis [135,144–147]. Other proline-rich peptides with
a similar mode of action include PR-39, the porcine orthologue [148], and unrelated apidaecin-type
peptides isolated in honeybees, hornets, and wasps [149]. Apart from Pro-rich peptides, CP10A,
which is a synthetic indolicidin derivative in which proline has been substituted with alanine, is an
example of a short, tryptophan-rich helical peptide that, in addition to membranolytic properties, has
DNA-binding affinities, and also acts by disrupting protein metabolism [150].

Proline-rich peptides are also reported to exert antimicrobial activities by interfering with
protein-folding. Pyrrhocoricin, apidaecin, drosocin, and Bac71-35 all inhibit the major bacterial heat
shock protein DnaK, and, in some cases, disrupt its ATPase activity [147,151–153]. They prevent
DnaK from refolding misfolded proteins, and apidaecin has been shown to also inhibit the associated
chaperonin GroEL [134,135]. Furthermore, these peptides bind stereospecifically to their bacterial
target, which are inactive toward the human counterpart chaperone Hsp70 [151]. Other proline-rich
AMPs with the same mode of action are the insect abaecin, and redesigned oncocin [135].

5.5. Inhibitors of Bacterial Proteases

Some AMPs, like histatin-5, have been reported to inhibit both host-secreted and bacterium-secreted
proteases [154]. Dysregulation of these enzymes is associated with oral diseases such as periodontitis.
By competitively inhibiting the bacterial cysteine proteinase clostripain, produced by Clostridium
histolyticum, whose infections cause gas gangrene [155], histatins-5 and other peptides of this kind
have been proposed as a potential therapeutic to reduce extracellular matrix degradation caused by
bacterial or dysregulated host proteases. These AMPs reduce virulence and are antimicrobial.

5.6. Cell Division Inhibitors

CRAMP, the mouse helical cathelicidin orthologous to human LL-37, is a potent membranolytic
expected of a helical AMP [156]. A CRAMP fragment has also been reported to interfere with the
septation process, most likely by inhibiting bacterial cytokinesis [134]. This fragment was identified
due to a significant sequence similarity to a bacterial peptide that regulates septation by interacting
with its machinery [157]. C18G, which is a C-terminal, α-helical fragment of platelet factor IV, was also
found to inhibit cell division by strongly stimulating the PhoQ/PhoP signaling system. This, in turn,
results in increased synthesis of QueE, which is an enzyme that inhibits septation by interacting with
the divisome [158].

Human α−defensin-5 targets different cell mechanisms, and also interferes with cell division
processes, as shown by extensive elongation of peptide treated bacteria [159]. For similar reasons, AMPs
of different origin such as bacterial microcin J25, insect diptericin, and the cathelicidins indolicidin and
PR-39 have also been proposed to interfere with cell division processes [135]. However, the precise
mechanism(s) involved have not been elucidated.

5.7. Cell Wall Biosynthesis Inhibitors

The bacterial cell wall, being essential for the cell’s structural integrity and survival, is the target for
numerous antibiotics in current use [160]. It consists of alternating β−1,4-linked N-acetylglucosamine
and N-acetylmuramic acid crosslinked with peptide chains [161]. Lipid II is a crucial component of
the cell wall synthesis process, since it is the shuttle carrier that transports disaccharide-pentapeptide
building blocks across the membrane to be incorporated into the existing cell wall structure [162]. A
number of AMPs, including the bacterial lantibiotic peptides mersacidin and nisin [163,164], and the
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fungal defensins plectasin and copsin [165,166] target this molecule in different ways, to disrupt cell-wall
biogenesis. These AMPs, therefore, act externally to disrupt peptidoglycan integrity analogously to
β−lactam antibiotics like penicillin or glycopeptides like vancomycin.

5.8. Lipopolysaccharide (LPS)-Binding Peptides

These peptides specifically act on this major structural and functional component of the outer
membrane that covers the surface of Gram-negative bacteria. LPS can be released during bacterial cell
division or death and induce a variety of inflammatory effects in animals, which leads to sepsis, and
this may occur as a result of using antibiotics to treat Gram-negative infections. At the moment, there
is limited treatment for patients with septic shock, which most often results in death [167,168]. AMPs
that can bind to LPS may disrupt the outer membrane, which affects the cell’s structural integrity and
reduces survival. They can make the cytoplasmic membrane more accessible to other AMPs/antibiotics
that have difficulty in passing through the outer membrane, and can also help sequester and clear LPS,
which reduces its pro-inflammatory effects.

On the other hand, the LPS layer can actively neutralize the activity of AMPs by inducing their
self-association or aggregation and sequestering them [169]. This has been observed for the frog
peptides temporins A and B from Rana temporaria. However, Rosenfeld et al. [170] showed a synergic
effect between these peptides and temporin L, which prevents their LPS-mediated oligomerization
and markedly improves their activity. Another way to restore activity is by introducing a boomerang
motif (GWKRKRFG) at their C-terminus, which results in hybrid peptides no longer susceptible to
LPS-induced aggregation [171]. Furthermore, melittin-cecropin hybrid peptide with two additional
positive charges at the C-terminus proved to be effective in traversing the LPS layer [172]. In any case,
amphipathicity and a high proportion of cationic residues in the AMP sequence seem to be important
properties for the broad-spectrum LPS-binding peptides [173].

6. Strategies for Identifying or Designing New AMPs

6.1. Crude but Effective–Extraction and Assay-Guided Isolation

In the past, identification of novel AMPs involved handling of several specimens from the same
species to obtain small amounts of active peptides. Initial tissue homogenization was followed by
peptide extraction and the crude peptide was isolated in several steps, mainly by using chromatographic
techniques. In some cases, the animals were pretreated with electric shocks or noradrenaline, or
were exposed to bacterial infection, to stimulate AMP production [174,175]. Potential AMPs were
then isolated by assay-guided fractionation and the sequence determined using different techniques,
including Edman degradation and mass spectrometry. Magainin, which is one of the first frog peptides
to be identified, was isolated in this manner, as were penaeidins, pleurocidin, and some mollusk
cysteine-rich peptides, among others [176–179]. Several human peptides were also identified in this
manner, from epithelial cells and plasma [180–183]. Some potential AMPs have been identified by
analyzing lysates from proteins, and even common food sources, in particular whey. Theolier et
al. [184] have recently reported six new peptide fragments from β-lactoglobulin and one fragment from
α-lactalbumin derived by peptic cleavage of whey protein isolate, which all had antibacterial properties.

This approach is, therefore, evidently successful, but is also very time-consuming, and produces
rather low yields. It can also raise ethical questions of animal protection, especially considering
rare and endangered species. Lastly, it misses AMPs that are not constitutively produced or whose
expression cannot be stimulated.

6.2. Make the Most of the Growing Abundance of Omics Data

The rapid development and plummeting cost of sequencing techniques (next generation
sequencing or NGS), combined with efficient and relatively cheap solid phase synthesis techniques,
has opened the possibility of mining for valuable sequence information hidden in the genome, and
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functional testing, without the necessity of isolating polypeptides. For example, frog peptides have
been identified by isolating total RNA and reverse transcribing the mRNA based on the 3′ poly-A tail.
A cDNA library was constructed by using appropriate vectors and the positive clones selected and
analyzed by nucleotide sequencing. This allowed the identification of several novel temporins, which
were then either synthesized or obtained using “classical methods” including isolation and purification,
before activity testing and confirmation using amino acid analyses [175]. A similar procedure led to
the discovery of several peptides in the pickerel frog, Rana palustris [185], of clavanins from tunicate
hemocytes [186], of protegrins from porcine leukocytes [187] and of penaeidins from Indian white
shrimp Fenneropenaeus indicus [188], among others. More recently, in silico analyses of cDNA data in
EST databases [189] led to the discovery of trichoplaxin, which is a placozoan AMP from Trichoplax
adhaerens [190].

Improvement in NGS techniques and analysis pipelines, as well as the abundance of publicly
available genomic and transcriptomic data, has led to the development of high-throughput techniques
for simultaneous identification of potential AMPs. Kim et al. [191] reported a de novo transcriptome
analysis of the American cockroach Periplaneta americana, which leads to the discovery of 86 putative
antimicrobial peptides out of which 21 were experimentally verified for this activity. A similar approach
was used for the identification of novel AMP sequences in the grasshopper Oxya chinensis sinuosa [192].
A novel method has recently been successfully developed for simultaneous identification of AMPs in
different frog species [193]. By utilizing highly conserved signal regions of the peptide precursors (see
Section 3) to design forward degenerate primers and correlating with transcriptomic and proteomic
data available in public databases, ~130 different potential AMPs were identified, of which 29 were
novel sequences (see Figure 7). The same procedure could, in principle, be applied to other organisms
that have AMP gene families with comparable properties, i.e., a conserved signal peptide region
associated with hypervariable mature peptide regions.

Figure 7. Schematic representation of the targeted DNA sequencing method. Figure modified from
Rončević et al. [193] and reprinted under Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).
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Brand et al. [194], on the other hand, developed a procedure for screening and identifying
“intragenic antimicrobial peptides,” which are bioactive fragments from larger proteins, based on
specific physico-chemical properties, by finding eight novel peptides with different antibacterial
potency. This experimental method was developed to identify peptide sets with membranolytic effects
in model membranes [195]. This is a complementary step to the previously developed bioinformatic
pipeline. Yi et al. [196] screened seven previously assembled genomic and transcriptomic datasets
in the amphibious mudskippers and, based on sequence similarity, identified ~500 novel peptide
sequences with the correct characteristics, by opening new pathways for AMP discovery. A similar
procedure led to the analysis of gill transcriptomes from 87 ray-finned fish species, which leads to the
successful identification of some novel AMPs [197].

Another interesting approach, which combines “bioreactor” AMP synthesis and high-throughput
sequencing, was reported by Tucker et al. [198]. This leads to the identification of several thousand
potential AMP sequences. To this purpose, the Surface Localized Antimicrobial displaY (SLAY)
techniques were developed, inducing bacteria to express and self-test a random 20mer peptide library
constructed using a codons subset, which remain tethered to a protein on the bacterial membrane
surface. Therefore, bacteria expressing bactericidal or bacteriostatic peptides are depleted from
the population, so that a comparison of high-throughput DNA sequencing of plasmid libraries
before and after induction of expression leads to the identification of potential antimicrobial hits. A
similar technique for improving AMP potency had been proposed several years ago by researchers at
Novozymes, termed the “suicide expression system” (SES), but for soluble peptides. This is a cis-acting
system based on induced mutation of bacterially expressed, but tightly controlled peptides, that are
then secreted in increasing amounts until they result in the death of the producer strain, and was
adapted from previously reported systems [199]. A trans-acting peptide screening system (TAPS)
was also developed in which peptides expressed and secreted by one bacterium are screened against
other bacterial species. This type of system was used to optimize the sequence of the fungal defensin
plectasin for development as an antibiotic [165,200].

6.3. Quantitative Structure-Activity Relationship (QSAR)—From Virtual to Novel AMPs

The above-mentioned methods have proven to be effective in identifying putative AMPs,
sometimes suggesting several sequences to select from, but provide no indication as to the eventual
potency of their activity toward bacteria or their toxicity toward host cells. Rational design of artificial
peptides and redesign of natural peptides, based on various physico-chemical properties associated
with potency and/or selectivity (e.g., net charge, amphipathicity, structuring propensity, tendency for
self-aggregation, etc.), has, however, provided a body of data that can be used to predict functional
characteristics from the sequence, especially, but not only, for linear helical AMPs [201,202].

QSAR approaches may include virtual screening studies where the biophysical properties of
known active peptides are used to construct molecular descriptors that are associated with different
functional aspects. These descriptors are then used to link a novel sequence to its likely biological
activity [203]. The main assumption is that a mathematical function can be developed that correctly
links physico-chemical properties (e.g., net charge and amphipathicity) with an observable outcome
[e.g., minimal inhibitory concentration (MIC) values]. Typically, a number of molecular descriptors are
created by linking physico-chemical properties with the biological effect in a training set of peptides
where the former are measurable and the latter are experimentally determined. This is followed by a
statistical analysis to determine which descriptor (combination of parameters) provides a predicted
functional value that correlates best with the experimentally-determined values. The QSAR model is
then validated on an external (testing) set of peptides (see Figure 8) [204,205].
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Figure 8. General overview of a QSAR method leading to design and validate novel AMPs. Structural
data can be collected experimentally or predicted computationally (e.g., by MD). Functional data can
be obtained from the literature or previous characterization campaigns to create specific databases. The
best correlation between molecular descriptors and activity is determined based on statistical analysis,
which allows us to propose new optimized sequences (putative AMP virtual library). These must then
be either synthesized by solid phase peptide synthesis (SPPS) for in vitro validation and/or used for
high-throughput screening (HTS) biological assays such as SLAY, SES, or TAPS (The 3D structure of
magainin 2 was downloaded from PDB database (ID: 2 mag) and prepared using PyMOL 1.8).

Recurrent neural networks have successfully been used to develop such algorithms for de novo
design of AMPs [206]. However, these models generate sequences without necessarily providing
a quantitative prediction of antimicrobial activity. Witten and Witten [207] have improved on such
models by creating a convolutional neural network, which was trained on a large set of peptides with
known MIC values. This approach proved to be successful in designing AMPs, in which two have
appreciable antimicrobial activity that has been experimentally validated.

An alternative approach is to combine QSAR with knowledge-based selection criteria for filtering
putative AMP sequences. Adepantins were designed in this way, based on descriptors extracted from
frog AMPs for which robust data on both MIC against E. coli and hemolytic activity were available.
They proved to be remarkably selective toward some Gram-negative species [208]. The D-descriptor
developed in this method has been recently adapted to the Mutator tool (http://split4.pmfst.hr/mutator/),
which is a method that allows in silico re-design of peptide sequences to potentially improve selectivity.
Dadapins were designed in this manner [209], by applying a strong filtering process on a devoted
AMP database. In this case, we select for activity against Gram-positive bacteria, which is followed by
optimization using the Mutator. They were shown to have high selectivity indices and comparable
activities against Gram-positive and Gram-negative strains [210].

QSAR predictors are normally based on 2D-models, but, more recently, 3D-descriptors have
also been developed [211,212]. This has, in part, been possible due to improved MD simulations on
AMP/model membrane systems, which are used to optimize the starting 3D structure models, since
experimentally determined 3D structures of AMPs are still rather limited [212].
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6.4. MD Simulations—Seeing is Believing

This type of in silico approach has been used most often with helical, membrane–active AMPs [213,
214], even though other types of membrane-active AMPs have also been studied [215,216]. Although
they must always be considered critically and subsequently verified experimentally, MD simulations
have the advantage of providing valuable information at the atomistic level, which is normally beyond
experimental determination. This was the case for maculatin (see Section 5.1) where simulation data
shed new light on the mode of action of this known lytic peptide [118]. Likewise, our group has
recently used MD simulations to elucidate the mode of action of kiadins, which is another class of
in silico designed peptides with membrane activity [217]. MD simulations can consider different
trajectories to the membrane surface. For example, they can probe how the orientation of the peptide
on its approach (e.g., how the angle of approach or peptide sector facing the membrane surface) affects
the initial binding step, and subsequent insertion into the lipid bilayer (unpublished data). Simulation
data can provide considerable insight on the mode of action of some peptides, which improves the
existing models used for AMP prediction [218], but can also be used for a de novo design of peptides
with desirable characteristics. Recently, an all-atom, simulation-guided design process, introduced
by Chen et al. [219], has proven to be successful in producing a pore-forming AMP starting from a
14-residue polyleucine.

The main constraint with MD simulations is the computational time that is required to observe any
given step in the permeabilization process [see steps i) to iv) in Section 5.1] [220,221]. Steps i) (binding)
and iii) (insertion, but mostly in the specific conditions, such as at elevated temperature or when a pulling
force is applied) are observed in a relatively short time-range. Therefore, these steps are amenable to
an all-atom approach, but steps ii) and iv) (structuring and aggregation/pore-formation) can require
considerably longer time frames and computational power to simulate. For this reason, simulations
most often consider the AMP already in its active structure (which may not be realistic) and resorts to
coarse-grain models when dealing with processes such as pore formation or translocation [222,223].

7. Therapeutic Potential

Since their initial discovery, AMPs have often been indicated as potential leads for the development
of novel therapeutic agents for treating microbial infections. This has been one of the driving forces
behind AMP research. However, the transition from in vitro to in vivo and translational applications
of molecules derived from AMPs have proven to be very difficult [224,225]. Compared to “classical”
antibiotic treatment, AMPs should have several advantages, especially when they are multimodal (can
hit different microbial targets simultaneously), multifunctional (can directly inactivate microbes but
also stimulate defense against them), fast acting, bactericidal, and can have accessory anti-inflammatory
and/or healing activities [226]. However, they have evolved to act in a precisely orchestrated manner and
are difficult to deliver as exogenous drugs. Furthermore, bacteria can fight back and interfere with AMP
activity through proteolytic processing, active efflux, biofilm formation, and exopolymers entrapment,
as well as by reducing their surface charge [227–229]. Especially worrisome is biofilm formation, since
such bacteria can display up to 1000-fold higher resistance compared to planktonic bacteria due to the
interaction of AMPs with specific components of the extracellular biofilm polymers [230]. Additionally,
AMPs generally elicit relatively low levels of transient resistance compared to “classical” antibiotics.
Several AMPs, such as the membrane-active gH625 and its analogue gH625-GCGKKKK, have been
reported to be active against biofilm-forming bacteria [231]. In addition, Berditsch et al. [232] have
recently reported a synergistic effect of two cyclic peptide antibiotics, polymyxin B and gramicidin S,
against multidrug-resistant strains and biofilms of Pseudomonas aeruginosa. In this respect, AMPs can
counteract biofilms in different ways such as by preventing their formation, and/or inactivating sessile
bacteria, or modulating quorum sensing or twitching motility [233].

Despite years of trials, there are still some major obstacles to overcome before clinical application.
Potent antimicrobial activity in AMPs is often accompanied by toxicity toward host cells. Although
cationic AMPs preferentially target the negatively charged bacterial membrane, it has proven to
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be difficult to sufficiently reduce toxicity toward host cells, which can be significant, especially for
helical AMPs. Melittin, for instance, is cytotoxic at comparable concentrations to those conferring
antimicrobial activity [234]. These issues can, in principle, be resolved by designing peptides with more
favorable physico-chemical properties (see above). Brevinin-1EMa analogues were less haemolytic
when Ala residues replaced Leu, to reduce hydrophobicity [235]. A similar effect was observed when
hydrophobicity was reduced at the N-terminus of mastoparan-X peptides [236]. In general, however,
there is a trade-off between reduced toxicity and reduced potency. Other approaches used to reduce
peptide toxicity include nanoencapsulation, which was the case with P34 [237]. It is also important
to note that unwanted side effects may still be hidden, due to the large preponderance of in vitro
over in vivo experiments involving AMPs. For example, it is well known that “classical” antibiotics
impact gut microbiota, disturbing the well-adjusted and vital symbiosis between intestinal flora and
the host [238]. It is likely that AMPs will display some toxicity toward the indigenous microflora,
and partly disrupt its protective functions [239]. The host’s own AMPs likely play a significant role
in maintaining the tightly regulated homeostasis of the microbiota, which exogenous AMPs could
alter [233].

A second major concern is peptide stability under physiological conditions (i.e., in the presence
of serum, salt, pH variations, and proteolytic enzymes), or rapid clearance, which can result in
unfavorable pharmacokinetics. This is especially the case with linear peptides, which are easily
attacked by host proteases and peptidases [239], and particularly problematic if the peptides are
administered systemically [240]. For this reason, AMPs are predominantly being considered for
topical applications. The stability can, however, be enhanced by peptide cyclization (linking the
C- and N-terminus), which prevents the proteases interaction peptide due to steric hindrance, or
introduction of D-isomers or unnatural amino acids into the peptide sequence, which makes it unfit for
enzyme degradation [241]. However, this is expensive and precludes biosynthesis. Nanoencapsulation
can improve peptide stability while, at the same time, reducing toxicity [237]. Another strategy is
to PEGylate peptides (link them to polyethylene glycol), which has also been shown to increase
bioavailability by reducing renal clearance [242]. Very recently, an interesting continuous subcutaneous
delivery method has been tested for another proline-rich AMP, Api137, which shows that it improved
efficacy in an in vivo model of infection [243].

Lastly, high manufacturing costs represent another major obstacle for wider use of peptide
antibiotics [54,239]. Production of one gram of such a drug by means of solid phase chemical synthesis
can cost several hundred dollars. Therefore, there is a need for less expensive production platforms
such as, for instance, biosynthesis in fungal, bacterial, or even plant expression systems. In recent years,
several attempts have been made in this field. However, none has hitherto proven to be commercially
feasible. An exception is the fungal expression system used to successfully obtain sufficient amounts
of plectasin for development [200].

Despite these obstacles, approximately 20 AMPs are at various stages of clinical trials at the
moment, with the majority intended for topical applications [244]. They include cyclic and linear AMPs,
such as a twelve residue histatin derivative, P-113, the magainin derivative MSI-78 (pexiganan, which
failed to gain FDA approval for its original use), the twelve residue indolicidin derivative omiganan,
the arenicin-3 analog AA139, the cyclic protegrin I analog murepavadin, and others [239,244]. There
are still years of trials before such peptides are accepted for clinical use by governing agencies. It is,
however, safe to say that AMPs remain one of the more promising compounds to provide new classes
of antibiotics, despite a somewhat less pronounced enthusiasm than in the past.

8. Conclusions

In the past 30 years, numerous studies have been carried out on AMPs, with most of them trying
to answer to the question posed in the title of this review. In this case, it was our intention to focus not
just on what we know, but also on some open issues surrounding the world of AMPs. It is hard to deny
we are in the pre-post-antibiotic era, fully aware of the new, imminent threat to human health with no
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adequate solutions on the horizon. Can AMPs come, at least in part, to the rescue and justify years
of motivated work by so many researchers? We are now well acquainted with how their structural
and physico-chemical properties affect their activity but are still lacking a sufficiently deep knowledge
of their modes of actions as well as the response of bacterial and host cells among them. This seems
to be the major bottleneck in translating design and in vitro to in vivo efficacy as well as successful
clinical applications. A limiting factor may be focusing too narrowly on pieces of the puzzle instead of
adopting a wider perspective. Therefore, the question remains open—the potential is there but will we
be able to tap it in a useful timeframe?
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Abstract: Pseudomonas aeruginosa and Staphylococcus aureus are two major pathogens involved in
a large variety of infections. Their co-occurrence in the same site of infection has been frequently
reported and is linked to enhanced virulence and difficulty of treatment. Herein, the antimicrobial and
antibiofilm activities of an intragenic antimicrobial peptide (IAP), named Hs02, which was uncovered
from the human unconventional myosin 1H protein, were investigated against several P. aeruginosa
and S. aureus strains, including multidrug-resistant (MDR) isolates. The antibiofilm activity was
evaluated on single- and dual-species biofilms of P. aeruginosa and S. aureus. Moreover, the effect of
peptide Hs02 on the membrane fluidity of the strains was assessed through Laurdan generalized
polarization (GP). Minimum inhibitory concentration (MIC) values of peptide Hs02 ranged from
2 to 16 μg/mL against all strains and MDR isolates. Though Hs02 was not able to hamper biofilm
formation by some strains at sub-MIC values, it clearly affected 24 h preformed biofilms, especially
by reducing the viability of the bacterial cells within the single- and dual-species biofilms, as shown
by confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM) images. Laurdan
GP values showed that Hs02 induces membrane rigidification in both P. aeruginosa and S. aureus.
Peptide Hs02 can potentially be a lead for further improvement as an antibiofilm agent.

Keywords: polymicrobial biofilms; intragenic antimicrobial peptide; Hs02; Pseudomonas aeruginosa;
Staphylococcus aureus

1. Introduction

Most types of infections, especially chronic infections, are of polymicrobial origin; that is, two
or more microorganisms are present and play a role themselves in the infection [1–3]. Within the
polymicrobial context, various bacterial species communicate, cooperate, and compete with each
other [4]. Polymicrobial infections consisting of two or more bacterial pathogens are common in
wounds and in cystic fibrosis lung infections and usually are biofilm-associated, which can greatly
hamper the efficacy of treatment and thus of healing [5–7].

Staphylococcus aureus and Pseudomonas aeruginosa are two important bacterial pathogens that are
known to have developed complex interactions in such chronic polymicrobial infections [4,8–10].
Though an antagonistic relationship was initially considered to occur between these two species,
recently, P. aeruginosa and S. aureus have been isolated from the same site of infection, with evidence that
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both pathogens seem to worsen the infection’s evolution [11–13]. According to Hotterbeekx et al. [4],
there are several studies demonstrating that the copresence of P. aeruginosa and S. aureus in vivo is
linked to worse disease outcomes and to a delay in the healing process.

Interspecies interactions differ between the planktonic and biofilm modes of growth [4,14]. Bacteria
in biofilms exhibit different gene expression, growth rates, behaviors, and appearances to those that
are in the planktonic state [15], and it is recognized that biofilms are more tolerant to antibiotics than
planktonic cells [16]. Moreover, S. aureus interaction with P. aeruginosa within a biofilm can alter
S. aureus’ susceptibility to different antibiotics [9,17].

Antimicrobial peptides (AMPs) have been isolated from a variety of organisms, such as bacteria,
reptiles, plants, and mammals and can also be chemically synthesized [18]. AMPs are regarded as
promising alternatives to conventional antibiotics [18,19], presenting several mechanisms of action,
and usually, more than one mechanism is present simultaneously [20,21]. There are also AMPs with the
ability to specifically affect biofilms by inhibiting the biofilm formation or killing preformed biofilms [19,
22,23]. It has been demonstrated that proteins from varied organisms contain encrypted structural
elements with significant physicochemical similarity to AMPs, termed intragenic antimicrobial peptides
(IAPs) [24,25]. This opens an exciting opportunity to screen organism genomes for encrypted bioactive
molecules with therapeutic potential. Once identified and synthesized as individual entities, IAPs may
share biological activities with AMPs, such as broad and direct antimicrobial activity against susceptible
and resistant bacterial strains, capacity to act as anti-inflammatory agents, to exert chemoattractant
effect in immune cells, and also to disrupt the formation of biofilms [10,22,26]. The peptide Hs02
was identified as an internal fragment of the unconventional myosin 1H protein from a collection
of human proteins using the software Kamal, which was originally developed to probe IAPs in
plant proteins [24,25,27]. Hs02 was demonstrated to fold as an amphiphilic α-helix upon membrane
interaction and to present potent antimicrobial and anti-inflammatory activity [27]. On that basis, in
this study, it was aimed to evaluate the antibiofilm activity of the peptide against P. aeruginosa and
S. aureus single- and dual-species biofilms formed by multidrug-resistant isolates.

2. Results and Discussion

2.1. Antibacterial Activity of Peptide Hs02

Peptide Hs02 exhibited antibacterial activity against both Gram-positive and Gram-negative
strains, including multidrug-resistant clinical isolates (Table 1). Minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) values ranged from 2 to 16 μg/mL (1 to 8.2 μM),
which are low values and thus indicative of effective antimicrobial activity. These results confirm the
previously reported antimicrobial activity of the peptide [27]. Like many other AMPs, peptide Hs02 is
bactericidal and has a broad-spectrum action [28].

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values of peptide Hs02 against several susceptible and multidrug-resistant strains.

Strains
MIC

μg/mL (μM)
MBC

μg/mL (μM)

Reference strains

E. coli ATCC 25922 4 (2.0) 4 (2.0)

P. aeruginosa ATCC 27853 8 (4.1) 8 (4.1)

S. aureus ATCC 25923 8 (4.1) 8 (4.1)

E. faecalis ATCC 29212 16 (8.2) 16 (8.2)

E. coli strains

E. coli TBX1/1 (S) 4 (2.0) 4 (2.0)

E. coli TBX2/3 (S) 2 (1.0) 2 (1.0)

Ec1-SA1 (R) 4 (2.0) 4 (2.0)

EC001 (R) 4 (2.0) 4 (2.0)
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Table 1. Cont.

Strains
MIC

μg/mL (μM)
MBC

μg/mL (μM)

P. aeruginosa strains

PAO1 (S) 8 (4.1) 8 (4.1)

PA007 (S) 8 (4.1) 8 (4.1)

PA008 (S) 8 (4.1) 8 (4.1)

PA006 (R) 4 (2.0) 4 (2.0)

Pa4 (R) 4 (2.0) 4 (2.0)

PA002 (R) 16 (8.2) 16 (8.2)

PA004 (R) 8 (4.1) 8 (4.1)

Pa3 (R) 4 (2.0) 4 (2.0)

S. aureus strains

Sa1 (R) 8 (4.1) 8 (4.1)

SA007 (R) 4 (2.0) 4 (2.0)

Sa3 (R) 8 (4.1) 8 (4.1)

E. faecalis strain Ef1 (R) 4 (2.0) 4 (2.0)
(S) Susceptible strain; (R) multidrug-resistant strain.

2.2. Antibiofilm Activity of Peptide Hs02

2.2.1. Peptide Hs02 Did Not Inhibit Biofilm Formation

No biofilm was formed by any of the isolates in the presence of the peptide at its MIC, as expected.
Nonetheless, peptide Hs02 did not inhibit biofilm formation by the PA004, PA008, and Sa1 isolates
in presence of subinhibitory concentrations, since the biofilm formed was similar or greater than the
control biofilm (grown in the absence of peptide Hs02) (Figure 1). For the isolate SA007, however, at the
sub-MIC levels of 0.5× and 0.25×MIC, the biofilm formed was significantly reduced in comparison to
the control.

Figure 1. Biomass quantification through the crystal violet assay of biofilms formed by two P. aeruginosa
and two methicillin-resistant S. aureus (MRSA) isolates in presence of peptide Hs02. Biofilms
were formed in the presence of different concentrations (ranging from the MIC to 0.25× MIC) of
peptide Hs02. Two independent experiments were performed in triplicate. Error bars represent SD.
Statistically significant differences in comparison to the control (p < 0.05) are marked with an asterisk (*).
Abs: Absorbance.
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2.2.2. Peptide Hs02 Hampered the Proliferation of 24 h Biofilms

Peptide Hs02 had a more marked effect on 24 h performed biofilms (either single- and dual-species),
by decreasing their proliferation at concentrations of 8×MIC. The biofilm proliferation was recorded by
measuring the optical density at 600 nm (OD600) of the planktonic phase of the treated and nontreated
biofilms after 24 h (Figure 2). The single-species biofilms of P. aeruginosa isolates PA002 and Pa3
were less affected by peptide Hs02 than those of S. aureus, which were clearly affected for all three
strains—SA007, Sa3, and Sa1. Two out of the three dual-species biofilms (PA002+Sa3 and Pa3+Sa1)
suffered an intermediate reduction when treated with the peptide.

Figure 2. Effect of peptide Hs02 on the proliferation of 24-h preformed biofilms. The OD600 of
planktonic phases of biofilms was measured and used to infer the biofilm proliferation. Pa4 and SA007
biofilms were treated with 8×MIC (32 μg/mL in both cases) of peptide Hs02; the dual-species biofilm
of Pa4+SA007 was also treated with the same concentration. PA002 and Sa3 biofilms were treated
with 8×MIC; that is, 128 μg/mL and 64 μg/mL, respectively, while the dual-species biofilm PA002+Sa3
was treated with 128 μg/mL. Pa3 and Sa1 biofilms were treated with 8×MIC; that is, 40 and 80 μg/mL,
respectively, while the dual-species biofilm Pa3+Sa1 was treated with 80 μg/mL. Two independent
experiments were performed in triplicate. Error bars represent SD. Statistically significant differences
in comparison to the control are highlighted for p < 0.001 (***) or for 0.01 ≤ p < 0.05 (*). OD600: optical
density at 600 nm.

2.2.3. Peptide Hs02-Treated Biofilms Presented Reduced Viability

By using confocal laser scanning microscopy (CLSM), it could be observed that the peptide-treated
biofilms maintained overall structure in comparison to the respective nontreated ones; however,
the viable cells within the treated biofilms were reduced to some extent in all cases (Figure 3). As it is
generally accepted that AMPs interact with the cytoplasmic membrane, causing membrane rupture
that will eventually lead to cell lysis [29], one could expect to see more red (nonviable) cells in the
peptide Hs02-treated biofilms, as was indeed observed. The peptide effect was quite striking in the
case of both P. aeruginosa biofilms assayed, Pa4 and PA002, where more than 90% of the cells within the
biofilm were red.
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Figure 3. Confocal laser scanning microscopy (CLSM) images of single- and dual-species
multidrug-resistant (MDR) P. aeruginosa and methicillin-resistant S. aureus (MRSA) biofilms. Biofilms
were grown for 24 h and then treated for further 24 h with peptide Hs02 (1–6). Control images: no
antimicrobial added. 1, 2, and 3: 8×MIC peptide Hs02 (32 μg/mL); 4: 8×MIC (128 μg/mL); 5: 8×MIC
(64 μg/mL). 6: 128 μg/mL.
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The dual-species biofilm of PA002+Sa3 was also analyzed by atomic force microscopy (AFM)
(Figure 4). As we can see, the peptide-treated biofilm presents some undamaged cells, but clearly more
damaged ones (“dead cells”) in comparison to the nontreated biofilm. Again, we saw more damaged
PA002 cells (in the form of empty membranes or “ghosts”) than Sa3 cells, which in general looked
quite intact in the AFM images. It is also worth noting that in the AFM images, the structure of the
control biofilms seemed more compact compared to those treated with peptide Hs02. These results
corroborate those obtained by the live/dead staining.

Figure 4. AFM images of the dual-species biofilm of PA002+Sa3. Biofilms were grown for 24 h and
then treated for further 24 h with no peptide Hs02 (A) or with 128 μg/mL of the peptide (B). Scale bars
correspond to 5 μm. Some features discussed in the text are indicated as follows: 1: undamaged PA002
cells; 2: undamaged Sa3 cells; 3: damaged PA002 cells.

2.3. Peptide Hs02 Decreased Bacterial Membrane Fluidity

The effect of peptide Hs02 on bacterial cytoplasmic membrane fluidity was assessed after
calculating the Laurdan generalized polarization (GP). Laurdan is a polarity-sensitive fluorescent
probe used to detect changes in the general membrane fluidity; an inverse relationship exists between
Laurdan GP values and the degree of cytoplasmic membrane lipid order (i.e., lower GP values equate
to greater membrane fluidity) [30–32].

As shown in Table 2, peptide Hs02 induced an increase in Laurdan GP values, reflecting a shift
towards rigidification. This is in accordance with data that others [33] have obtained regarding the
lipopeptide antibiotic daptomycin, which is active against Gram-positive pathogens. Daptomycin
is a last-resort antibiotic for the treatment of infections caused by multidrug-resistant Gram-positive
pathogens, such as MRSA, and is one of the few peptide antibiotics that can be administered
intravenously [34]. Accordingly, others [35,36] have also reported that some AMPs can reduce the
membrane fluidity of S. aureus. The antimicrobial hexapeptide MP196 and the cyclic β-sheet peptide
gramicidin S also increased the Laurdan GP values in S. aureus and Bacillus subtilis, indicating that they
also reduced the membrane fluidity [37].
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Table 2. Laurdan generalized polarization (GP) values obtained for different bacterial strains in
the presence and absence of peptide Hs02 (in concentrations equal to 0.5×MIC, MIC, and 2×MIC).
GP values allow the measurement of membrane fluidity.

Control 0.5×MIC MIC 2×MIC

P. aeruginosa ATCC 27853 0.068 ± 0.002 0.077 ± 0.003 * 0.123 ± 0.004 * 0.155 ± 0.003 *

S. aureus ATCC 25923 0.007 ± 0.000 0.008 ± 0.000 * 0.014 ± 0.002 * 0.038 ± 0.002 *

PA002 0.015 ± 0.001 0.060 ± 0.003 * 0.118 ± 0.003 * 0.151 ± 0.002 *

PA004 0.065 ± 0.002 0.122 ± 0.002 * 0.165 ± 0.001 * 0.205 ± 0.002 *

Sa1 0.088 ± 0.003 0.057 ± 0.030 0.115 ± 0.002 * 0.148 ± 0.002 *

Sa3 0.117 ± 0.001 0.110 ± 0.004 * 0.093 ± 0.003 * 0.123 ± 0.001 *

Statistically significant differences in comparison to the control (p < 0.05) are marked with an asterisk (*).

The increase in Laurdan GP values was more marked in P. aeruginosa strains than in those of
S. aureus. Moreover, as we can observe, membrane fluidity seems to be more variable among S. aureus
strains than among P. aeruginosa strains. In the control condition, the Laurdan GP value for S. aureus
ATCC 25923 was significantly lower than that obtained for the MRSA strains, Sa1 and Sa3, which was
in accordance with previous reports [30].

3. Materials and Methods

3.1. Hs02 Peptide

The peptide Hs02, primary structure KWAVRIIRKFIKGFIS-NH2, derived from the protein
NP_001094891.3, was chemically synthesized using the Fmoc/t-butyl strategy [38] as described
elsewhere [27]. For further details of the peptide purification and mass spectrometric analysis to
confirm purity and primary structure, please refer to the literature [27].

3.2. Bacterial Strains and Growth Conditions

A range of susceptible and resistant strains were used in this study. Susceptible strains included
Pseudomonas aeruginosa ATCC 27853, P. aeruginosa PAO1, Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 25923, and Enterococcus faecalis ATCC 29212, as well as food isolates of E. coli (TBX1/1 and
TBX2/3) and clinical isolates of P. aeruginosa (PA007 and PA008). Multidrug-resistant (MDR) clinical
isolates of P. aeruginosa (Pa3, Pa4, PA002, PA004, and PA006) and of S. aureus (Sa1, Sa3, and SA007)
were also used in this study. The antimicrobial resistance profile of all multidrug-resistant isolates
is shown in Table A1 (see Appendix A). These bacteria were grown on Mueller–Hinton agar (MH;
Liofilchem s.r.l., Roseto degli Abruzzi (Te), Italy) from stock cultures. MH plates were incubated at
37 ◦C for 20 h and then used to prepare fresh cultures for each experimental in vitro assay.

3.3. MIC and MBC Determination

The minimum inhibitory concentration (MIC) values of peptide Hs02 against the above-mentioned
strains were determined by the broth microdilution method using cation-adjusted Mueller–Hinton
broth (CAMHB; Sigma-Aldrich, Saint Louis, USA), and following the Clinical and Laboratory Standards
Institute (CLSI) guidelines [39]. The minimum bactericidal concentration (MBC) was determined as
reported by Bessa et al. [40].

3.4. Biofilm Formation Inhibition Assay

The effect of peptide Hs02 at concentrations equal to the MIC, 0.5×MIC, and 0.25×MIC on biofilm
formation by isolates Sa1, SA007, PA004, and PA008 was assessed using the crystal violet assay as
described previously [40]. Biofilms were formed in 96-well microtiter plates using tryptic soy broth
(TSB; Liofilchem s.r.l., Roseto degli Abruzzi, Italy) and a starting inoculum of 1 × 106 colony-forming
units (CFU)/mL.
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3.5. Performed Biofilm Treatment Assay

The effect of peptide Hs02 on 24-h established single-species biofilms of P. aeruginosa (Pa4-SA2,
PA002, and PA004) and S. aureus (Sa1, Sa3, and SA007) and on 24-h dual-species biofilms (P. aeruginosa
and S. aureus) was investigated. The dual-species combinations studied were: Pa3+Sa1, Pa4+SA007,
and PA002+Sa3. Prior to choosing these combinations, a few other combinations were previously
studied; nevertheless, in some of those mixed-culture biofilms grown for 24 h without treatment,
P. aeruginosa clearly outgrew S. aureus, and therefore, such combinations were not selected.

Briefly, biofilms were allowed to form for 24 h in 96-well microtiter plates, and then the planktonic
phases were gently removed and the wells were rinsed and filled with concentrations of peptide Hs02
equal to 8×MIC. The OD600 was measured at time 0 h (just after the treatment with peptide Hs02)
and time 24 h, after incubation for 24 h at 37 ◦C. Lower OD600 in the treated biofilms correlates to
a reduction in the biofilm proliferation.

3.6. Visualization of Biofilms by CLSM

Single- and dual-species biofilms (Pa4 and SA007, PA002 and Sa3) grown for 24 h were formed on
μ-Dishes 35 mm high, with ibidi polymer coverslips (ibidi GmbH, Germany), from a starting inoculum
of 1 × 106 CFU/mL in TSB. After 24 h, biofilms were rinsed with phosphate-buffered saline (PBS) and
treated with a concentration of peptide Hs02 (8×MIC) for another 24 h. Control biofilms were formed
in the same way but not treated with peptide. All biofilms were then rinsed and stained using the
live/dead staining BacLight bacterial viability kit (Molecular Probes, Thermo Fisher Scientific, USA).
Biofilms were examined by a laser scanning confocal system Leica TCS SP5 II (Leica Microsystems,
Germany), equipped with (i) an inverted microscope, Leica DMI6000-CS, using a HC PL APO CS
63× /1.30 glycerin 21 ◦C objective and the lasers diode 405 nm and DPSS561 561 nm, and (ii) the LAS
AF software. Two to three independent experiments were performed for CLSM visualization.

3.7. Visualization of Biofilms by AFM

The dual-species biofilm of PA002+Sa3 was grown for 24 h on Thermanox circular (15 mm
diameter) plastic coverslips (Thermo Scientific, NY, USA) placed in 35 mm diameter polystyrene plates.
After 24 h, biofilms were rinsed with PBS and treated with 128 μg/mL of peptide Hs02 and incubated
for a further 24 h at 37 ◦C. The respective control biofilm was formed in the same way but in the absence
of the peptide. All biofilms were rinsed three times with 1 mM of phosphate buffer and air-dried before
AFM imaging. Samples were scanned with a TT-AFM from AFMWorkshop in air in vibrating mode.
A 50 μm scanner and 300 kHz silicon cantilevers (ACT, AppNano) were used. Images were processed
using Gwyddion 2.47 software. Two independent experiments were performed for AFM visualization.

3.8. Membrane Fluidity Assessment by Laurdan Generalized Polarization (GP)

The membrane fluidity of P. aeruginosa (ATCC 27852, PA002, and PA004) and S. aureus (ATCC
25923, Sa1, and Sa3) strains in the presence and absence of peptide Hs02 was determined by assessing
the Laurdan generalized polarization (GP) as previously described [30,31] with some modifications.
Briefly, fresh colonies were used to inoculate nutrient broth (NB; Liofilchem s.r.l., Roseto degli Abruzzi,
Italy) to obtain cell suspensions with an OD600 of 0.4. Several aliquots of 1.5 mL of these bacterial
suspensions were taken and centrifuged (9000 rpm, 8 min). For each strain, the bacterial pellets obtained
were then resuspended in 1.5 mL of NB (in duplicate, to serve as controls; one to be unlabeled and the
other labeled with Laurdan) and NB containing 0.5×MIC, MIC, or 2×MIC of peptide Hs02. These new
bacterial suspensions were incubated at 37 ◦C for 3 h. Afterwards, they were centrifuged (9000 rpm,
8 min) and cells were washed twice in 15 mM Tris–HCl buffer (pH 7.4) and finally resuspended in
10 μM of Laurdan (from a 2 mM stock solution in dimethylformamide). Each suspension was incubated
in the dark at 37 ◦C with shaking (500 rpm) for 1.5 h. Aliquots of 1 mL were transferred to a 1 cm
quartz cuvette, and Laurdan emission spectra were obtained in a Varian Cary Eclipse fluorescence
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spectrofluorometer (Agilent Technologies, Santa Clara, California, USA) at an excitation wavelength of
350 nm using emission wavelengths from 410 to 550 nm. The temperature was set at 37.0 ± 0.1 ◦C.
The excitation GP was calculated using the following equation:

GP = (I440 − I490)/(I440 + I490) (1)

where I440 and I490 are fluorescence intensities at 440 and 490 nm, respectively.

3.9. Statistical Analysis

The assay to assess the membrane fluidity by Laurdan generalized polarization was performed in
three independent experiments, with the results being expressed as mean values ± standard deviation.

The biofilm formation and the preformed biofilm treatment assays were carried out in two
independent experiments, with each experiment being performed in triplicate.

The results regarding the biofilm formation were expressed as mean values ± standard deviation.
The statistical significance of differences between controls and experimental groups was evaluated
using the Student’s t-test. P-values of < 0.05 were considered statistically significant.

4. Conclusions

By taking together the results from the MIC and MBC values and the live/dead staining, we
can attribute a bactericidal action to the peptide Hs02, likely due to a direct effect on the bacterial
cells by disrupting the cytoplasmic membrane. Moreover, the ability of the peptide to decrease the
membrane fluidity of both P. aeruginosa and S. aureus strains also suggests a membrane-targeting
antibacterial mechanism.

Peptide Hs02 hampered the proliferation and decreased the viability of single- and dual-species
biofilms of two major pathogens, P. aeruginosa and S. aureus, confirming its potential as a lead for
development towards an antibiofilm agent in complex cases involving polymicrobial biofilms.
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AFM Atomic force microscopy
AMP Antimicrobial peptide
CFU Colony-forming units
CLSM Confocal laser scanning microscopy
GP Generalized polarization
IAP Intragenic antimicrobial peptide
MBC Minimum bactericidal concentration
MDR Multidrug-resistant
MIC Minimum inhibitory concentration
MRSA Methicillin-resistant Staphylococcus aureus
PBS Phosphate-buffered saline
TSB Tryptic soy broth
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Appendix A

Table A1. Antimicrobial resistance pattern of the multidrug-resistant isolates used in this study.

Isolate Antimicrobial resistance pattern

Pa3 ATM, CIP, FEP, GEN

Pa4 ATM, CAZ, CIP, FEP, IPM

PA002 AMK, CIP, COL, GEN, TOB

PA004 CIP, GEN, IPM, TOB, TZP

PA006 AMK, CAZ, CIP, COL, FEP, GEN, IPM, TOB

Sa1 AMC, AMP, CIP, FOX, TET

Sa3 AMC, AMP, CIP, FOX, IPM

SA007 CIP, CLI, ERI, GEN, LEV, MOX, OXA

AMC: amoxicillin/clavulanic acid; AMK: amikacin; AMP: ampicillin; ATM: aztreonam; CAZ: ceftazidime;
CLI: clindamycin; CIP: ciprofloxacin; COL: colistin; ERI: erythromycin; FEP: cefepime; FOX: cefoxitin;
GEN: gentamicin; IPM: imipenem; LEV: levofloxacin; MOX: moxifloxacin; OXA: oxacillin; TET: tetracycline;
TOB: tobramycin; TZP: piperacillin/tazobactam.
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Abstract: There is a growing interest in the complex role of host defense peptides (HDPs) in
the pathophysiology of several immune-mediated inflammatory diseases. The physicochemical
properties and selective interaction of HDPs with various receptors define their immunomodulatory
effects. However, it is quite challenging to understand their function because some HDPs play
opposing pro-inflammatory and anti-inflammatory roles, depending on their expression level within
the site of inflammation. While it is known that HDPs maintain constitutive host protection against
invading microorganisms, the inducible nature of HDPs in various cells and tissues is an important
aspect of the molecular events of inflammation. This review outlines the biological functions and
emerging roles of HDPs in different inflammatory conditions. We further discuss the current data on
the clinical relevance of impaired HDPs expression in inflammation and selected diseases.

Keywords: host defense peptides; human antimicrobial peptides; defensins; cathelicidins; inflammation;
anti-inflammatory; pro-inflammatory

1. Introduction

The human body is in a constant state of conflict with the unseen microbial world that threatens
to disrupt the host cell function and colonize the body surfaces. The immune system has an arsenal
of destructive mechanisms to neutralize the toxic effect of the microbial pathogens. It functions
through two layers of defense systems: The innate system and the more intricate adaptive immune
system, which closely communicate with each other [1]. Each of those systems form a complex
network of immune cells, signaling molecules, and regulatory pathways. Inflammation is a reaction
of the host immune system that acts to eliminate the source of inflammatory stimulus, ranging from
pathogens to burn injuries [2]. Although microbial infections largely initiate the events of inflammation,
we must note that inflammation is also a hallmark feature of various autoimmune, cancer, and
systemic diseases [3]. Inflammation is a highly coordinated biochemical sequence of events that
commences with the rapid migration of leukocytes to the site of infection, followed by adequate
blood supply that transports different inflammatory mediators that control the course of the immune
response [4]. However, while the initial events of inflammation are constructive and beneficial to the
host, incompetent inflammatory resolution mechanisms, along with inefficient elimination of foreign
bodies or pathogens and cellular debris, prompt the onset of chronic inflammation.

Antimicrobial peptides (AMPs) such as defensins and cathelicidins represent a vital part of the
human immune system due to their broad spectrum activity against pathogenic bacteria, fungi, protists,
and enveloped viruses [5]. Furthermore, in recent years, a growing number of studies have recognized
these peptides as potent immune modulators, implicated in multiple pro- and anti-inflammatory
responses through (1) neutralization of bacterial toxins, (2) chemoattraction and activation of immune
cells, (3) initiation of adaptive immunity, (4) neovascularization and wound healing, as well as (5) anti- or
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pro-tumor activity [6]. Actually, AMPs interact with innate and adaptive immune receptors, such as pattern
recognition (PRRs) or chemokine receptors (CCRs), as well as inflammasomes and their complement
systems, creating a link between innate and adaptive immunity [7–9]. In addition, AMPs may regulate
fundamental cellular processes, such as differentiation, proliferation, and programmed cell death, e.g.,
by stimulating growth factor receptors or as complexes with the host nucleic acids [10,11], hence they
resemble cytokines and growth factors. Overall, these activities, by controlling inflammation and/or
accelerating repair process of the infected site, appear to support the direct microbicidal function of AMPs
in resolving an infection. Therefore, the term host defense peptides (HDPs) was coined to encompass
their pleiotropic nature, and association with both infectious as well as non-infectious inflammatory
responses [12], although these two terms are used interchangeably. In the latter context, HDPs fit into the
definition of “alarmins” or “danger signals”, i.e., various endogenous molecules collectively known as
DAMPs (damage associated molecular patterns), which are released from damaged or dying cells and
initiate a diverse range of physiological and pathophysiological functions [13–15].

At present, HDPs are perceived as multifunctional agents that coordinate diverse immune
surveillance functions necessary to maintain homeostasis (Figure 1) [16]. However, if their production
is out of the physiological range, they may contribute to an undesirable inflammation in response
to local (e.g., periodontal, respiratory, intestinal, and skin) and systemic (e.g., sepsis) infections.
They might also function as pathophysiological events of inflammatory diseases, cancers, and even
psychiatric disorders (Table 1) [17–23]. In addition, HDPs have been indicated as potential biomarkers
in numerous infectious and non-infectious diseases [24].

Figure 1. Illustration of the distinct role of host defense peptides at the sites of inflammation.
Specific Toll-like receptors TLR-2, TLR-4, TLR-5, and TLR-6 are expressed on the plasma membrane of
immune cells, non-immune cells, and intracellular compartments. TLR-7 and TLR-9 within endosomes
participate in the host recognition of microbial cellular components and bind to host internal factors.
The receptors, along with their adaptor proteins MyD88 and TRIF, can initiate the inflammatory
signaling pathways. The host defense peptides promote innate immunity against various pathogens
and maintain the immune system homeostasis. These peptides can also be induced in addition to their
constitutive expression by the transcriptional modulatory factors NF-κB, AP-1, and intracellular release
of cytokines and chemokines. They actively participate in coordinating the host immune signaling
mechanisms during inflammation. Furthermore, HDPs can display both pro- and anti-inflammatory
properties that may protect against the responses of inflammatory diseases. Abbreviations: AP-1,
activator protein; NF-kB, nuclear factor kappa-light-chain enhancer of activated B cells; MAPK,
mitogen-activated protein kinase; ERK1,2, extracellular signal-related kinases.
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That being said, expanding our knowledge regarding the molecular mechanisms behind expression,
processing, and mutual interactions of HDPs with other immune system components is crucial to better
understand inflammation processes, and to develop new methods of anti-inflammatory treatment.
Certainly, it is a challenging and long-term task, since a single antimicrobial peptide, e.g., human
cathelicidin LL-37, may interact with dozens of proteins/receptors and subsequently engage hundreds
of secondary effector proteins, as well as modify expression of >900 genes [6]. Considering this,
the purpose of this review is to evaluate and summarize recent discoveries considering the functional
expression and protective attributes of HDPs/AMPs in the acute inflammatory phase and the detrimental
effects of their recruitment in chronic inflammation. Both in vitro and in vivo studies connecting the
underlying mechanisms governing the immunoregulatory role of these peptides in the inflammatory
microenvironment will be discussed.

2. Overview of Human Antimicrobial Peptides

Antimicrobial peptides are widely distributed in all living organisms, representing ancient and
primary defense molecules, e.g., innate immune mechanisms conferred by the antimicrobial peptides
in insects usually devoid of adaptive responses [25]. Discovery of defensins in rabbit leucocytes,
lactoferrin in cow milk, and lysozyme in human saliva are among the first reports of animal-originated
antimicrobial molecules, which paved the way for further identification and understanding of the
physiological function of other antimicrobial peptides and proteins [26]. At present, 2272 peptides
derived from animals, including ~130 of human origin (Figure 2), are recorded in the antimicrobial
peptide database (http://aps.unmc.edu/AP), a comprehensive source of naturally existing families of
antimicrobial peptides from all form of kingdoms of life [25].

Antimicrobial peptides and proteins contain a short chain of about 12–100 amino acids (Figure 2),
and are classified according to their conformational structure (α, β, αβ, and non-αβ), amino acid motifs,
and expression pattern [25,27]. For example, the major human AMPs, cathelicidin LL-37 and defensins,
are characterized by α-helical and β-sheet structure, respectively. Furthermore, the latter are divided
into α- and β-defensins based on the configuration of the disulfide bonds between six cysteine residues.
AMPs are characterized by positive charge and substantial proportion (typically 50%) of hydrophobic
residues, thus they are also known as cationic antimicrobial peptides (CAPs). However, at present,
some negatively charged peptides are also classified as AMPs, e.g., human β-defensin DEFB118,
psoriasin, or α-synuclein (Figure 2). Nevertheless, this amphiphilic–cationic organization allows
them to selectively associate, and in turn disrupt, highly negatively charged microbial membranes.
Hence, it explains their broad spectrum of activity, encompassing all cellular pathogens and enveloped
viruses. Additionally, the cationic nature of AMPs may possibly facilitate, via electrostatic forces,
their interactions with diverse host receptors, which are behind the immunomodulatory potential of
these peptides [28].

Certain AMPs, e.g., cathelicidins, are produced as inactive pro-peptides and must be proteolytically
processed for activity. It is noteworthy that this may generate multiple length variants characterized
by diverse antimicrobial or immunomodulatory properties. Therefore, the presence of the
appropriate proteases and their level is an important factor in regulating the function of the AMPs.
Another important activity-related issue is that microbicidal action of AMPs is considerably suppressed
by the physiological conditions present in some compartments of the body, including high salt,
carbonate, lipoprotein, and polysaccharide concentrations [29–33].
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The sensitivity to environmental factors of these peptides was well illustrated by the inability
to reproduce the protective role of insect-derived AMPs, such as drosocin, in a mouse model [52].
Briefly, the authors explained this difference by an unusually high degradation rate of such peptides in
mammalian sera (human and mouse) in comparison to insect hemolymph. In contrast, physiological
conditions have no impact on the immunomodulatory properties of AMPs, such as chemoattraction or
activation of immune cells. In addition, the antimicrobial activity of AMPs estimated in vitro, i.e., MIC
(minimal inhibitory concentration) values, is usually observed at micromolar concentrations which
are significantly higher than the physiological concentrations of these peptides. For instance, the
concentration of LL-37 or β-defensins is less than 2 μg/mL at mucosal sites, and the MIC of LL-37
in vitro against Escherichia coli is more than 32 μg/mL [10], whereas modulation of immune responses
by AMPs occurs at nanomolar levels [53]. Therefore, it is possible that the other biological functions
of AMPs, e.g., as alarmins, may play more prominent roles than their direct microbicidal effects in
combating invading pathogens in vivo [6,10,53]. Indeed, several synthetic AMP derivatives, known as
innate defense regulator (IDR) peptides, are characterized by potent immunomodulatory activities [54].

In fact, certain human AMPs such as the histone protein H2A (known as buforin I) or ribosomal
protein S30 (known as ubiquicidin) were initially known from non-antimicrobial functions, before
their antimicrobial potential was recognized. In addition, around 20% of human AMPs (Figure 2)
are chemokines, which as cationic and amphipathic molecules are characterized by antimicrobial
activity [55]. In addition, the specific chemokine receptor CCR6, expressed by dendritic cells and T
cells, is utilized also by human β-defensin-2 peptide [56], supporting the hypothesis that AMPs create
a bridge between innate and adaptive immune system.

AMPs protect all human body sites that are continually exposed to microbes, like the skin and
mucous membranes, since they are produced by multiple immune and epithelial cells (Table 1).
Their expression may be constitutive and some cells (e.g., neutrophils) store a high number of AMPs,
or the expression is induced by various microbial or the host stimuli. As a consequence, each tissue has
its own profile of different AMPs that may vary significantly depending on the actual host condition.
It is tempting to name it as a “peptidiome” using an analogy to microbiome bacteria within a given
body habitat. Therefore, (1) a synergism of AMPs activity, supported by their (2) accumulation, e.g., in
neutrophil extracellular traps (NETs) (see below), as well as (3) enhanced expression, may explain the
insufficient microbicidal concentration issue observed at the basal physiological background. On the
other hand, this effect may just be a derivative of inadequate in vitro MIC testing methods. For example,
Dorschner et al. [57] showed that cultivation of bacteria, like Staphylococcus aureus and Escherichia coli,
in a medium mimicking the mammalian ionic environment, i.e., carbonate-containing solutions, causes
changes in their cell wall thickness and an altered gene expression pattern, that in turn increased
susceptibility to AMPs. Furthermore, it is possible that in the skin or inside phagocytic cells, i.e., body
niches where the level of the AMPs-inhibiting factors is minor, this antagonism is not significant.

2.1. Human Defensin and Cathelicidin (LL-37) Peptides

Defensins are cysteine-rich peptides classified based on configuration of the disulfide bonds
between six cysteine residues into α-, β-, and θ-defensins; however, in humans, the latter exist only
as pseudogenes [58]. From the evolutionary perspective, β-defensins are the common ancestor of
all vertebrate defensins, and α-defensins are mammalian-specific genes co-located with β-defensin
ones on adjacent loci on human chromosome 8p22–p23 [59,60]. Human α-defensins are produced
mainly by neutrophils; hence, they are known as human neutrophil peptides 1–4 (HNP-1, HNP-2,
HNP-3, and HNP-4), as well as by Paneth cells of the small intestine (HD5 and HD6) (Table 1) [61,62].
Interestingly, the four HNPs are encoded by three genes, since HNP-2 is a truncated variant of HNP-1
or HNP-3 peptides, lacking the first alanine or aspartic acid residue, respectively [63]. HNP1–4 are
constitutively expressed and stored in azurophil granules, where they constitute more than 30% of the
protein content; however, HNP-4 is the least abundant [61,64].
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Figure 2. Comparison of human host defense peptides (n = 133) curated in antimicrobial peptide
database (http://aps.unmc.edu/AP; accessed in September 2019). The dendrogram was built based
on amino acid sequence alignment using MAFFT aligner (https://mafft.cbrc.jp) [65], visualized and
annotated with Archaeopteryx [66] and iTOL [67], respectively. Net charge values of the peptides
(at pH = 7.0) were estimated using Protein Calculator https://pepcalc.com/protein-calculator.php [68].
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In contrast, at least 17 β-defensins (hBDs) have been described, yet hBD1–hBD4 are the best
studied [69]. They are produced by various epithelial and mucosal cells, thus protecting body sites
directly exposed to microbes, such as respiratory, intestinal, and genitourinary tracts, as well as skin
(Table 1), where their expression may be constitutive or inducible. For example, expression of the
hBD-1 gene is essentially constitutive, whereas expression of the hBD2-4 genes is infection-related or
triggered by host-derived stimuli [70]. Remarkably, the microbicidal effect of hBD-3 peptide is not
weakened in the presence of the physiological salt concentration found in mucus, which enables it
to have a substantially strong anti-HIV effect [71]. In addition, ß-defensin genes (DEFB4, DEFB103,
and DEFB104) have a high degree of copy-number variation (CNV), ranging from 2 to 12 copies per
diploid genome [72], which affects their expression level.

Cathelicidins were named based on a conserved cathelin-like domain connected with a C-terminal
antimicrobial domain, and are produced mainly by leucocytes and epithelial cells [73,74]. In the human
genome, only one cathelicidin gene (CAMP) is present. Nevertheless, as the result of proteolytic
cleavage by various proteases of its product, i.e., hCAP-18 (human cationic antimicrobial protein 18
kDa), several cathelicidin peptide variants are generated (Figure 2). In detail, in the first step, hCAP-18
is processed by protease 3 to the full-length active peptide LL-37 (leucine–leucine 37 aa), which in turn is
cleaved into shorter variants by tissue-specific proteases. In the skin, serine proteases from the kallikrein
family, SCTE (stratum corneum tryptic enzyme; kalikrein 5) and SCCE (stratum corneum chymotryptic
enzyme; kalikrein 7), generate peptides KS30, KS22, LL29, and RK31 and KR20, respectively [75]. In
fact, in the skin, LL-37 accounts for less than 20% of all cathelicidin variants. Interestingly, KS30, KS22,
and LL29 are characterized by stronger antimicrobial activity, but lack of chemotactic properties. On
the other hand, RK31 and KR20 peptides possess weak antibacterial but strong antifungal activity.
Recently, also the TLN-58 variant, possibly generated by neutrophil elastase (ELA2), has been found
in the skin palmoplantar pustulosis (PPP) vesicles [76]. Furthermore, since hCAP-18 is present in
semen, a longer, by an additional alanine residue, peptide ALL-38 is produced as the result of action of
prostate-derived protease, gastricsin, under acid vaginal pH conditions.

2.2. Other Host Antimicrobial Peptides

Besides the classical antimicrobial peptides, there is an array of small proteins regulating
immunomodulatory and antimicrobial functions against a broad range of pathogens. For instance,
histatin, lysozyme, hepcidin, thrombocidin-1, neuropeptide α-MSH, RNase 7, RNase 5, and dermcidin
are inherently expressed in specific tissues and cells (Table 1). Briefly, histatins 1, 3, and 5 belong to a
family of salivary peptides that help to maintain the human oral mucosa, along with the β-defensins.
An elevated expression of histatin 5 is detected in the saliva of children with a high level of dental
cavities harboring specific bacterial species, such as Streptococcus mutans, S. sanguinis, S. mitis, as well as
Lactobacillus rhamnosus in the oral environment [77,78]. In contrast, RNAse 7 is abundantly found within
specialized uroepithelial cells in bladder lining, ureters, and kidneys, protecting the urinary system
from invading microbes. This peptide exhibits a significant role in maintaining a bacteria-free bladder,
as it inhibits the microbial activity of various drug-resistant microbes, including Klebsiella pneumoniae,
Pseudomonas aeruginosa, and vancomycin-resistant Enterococcus faecium [79]. Another important
antimicrobial peptide synthesized in the liver is hepcidin. While its primary function involves
maintenance of iron absorption and transport, hepcidin also exhibits strong antimicrobial activity.
During inflammatory conditions, hepcidin mRNA expression is highly stimulated by the cytokines
IL-6, IL-1α and IL-1β, which modulates host response [80].

3. Role of Host Defense Peptides in Inflammation

Over the years, our view on antimicrobial peptides (AMPs) has evolved from just endogenous
antibiotics into multifunctional agents (HDPs), which execute their antimicrobial tasks at the same
time as participating in a pro-inflammatory response and, if required, mediating its suppression.
Currently, HDPs are perceived as factors contributing either to efficient clearance of infections or
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resolution of the infected sites. To illustrate, these peptides not only attract immune cells, e.g.,
neutrophils, but also by blocking apoptosis prolong their lifespan, and in turn phagocytic functions [81].
On the other hand, HDPs may function as a “molecular brake” on macrophage-driven inflammation to
maximize eradication of pathogens with minimal adverse effects on surrounding tissues [82].

Furthermore, HDPs are essential for proper host–microbiota interactions. In this context,
HDPs serve as a buffer, maintaining immune homeostasis via neutralization of pro-inflammatory
MAMPs, e.g., lipopolysaccharides (LPS) and lipoteichoic acid (LTA), constantly released by microbiota,
as well as a factor shaping its composition, hence protecting from dysbiosis [83]. For example,
LL-37 inhibits the expression of specific pro-inflammatory genes up-regulated by NF-κB in the presence
of LPS, unlike to LPS-induced genes which antagonize inflammation and certain chemokine genes
classically considered pro-inflammatory [84]. On the other hand, the microbiota are a key factor in
stimulating production of HDPs, as supported in a classical experiment by Mangoni et al. [85], showing
that the presence of HDPs in frog skin (Rana esculenta) is microbiota-dependent, and frogs living in a
sterile, i.e., the microbiota-free, environment do not synthesize antimicrobial peptides.

Importantly, HDPs inhibit not only pro-inflammatory action of exogenous PAMPs, but also
endogenous ones, like DAMPs (also known as “alarmins” or “danger signals”), which are expressed in
stressed or dying cells and convey alarm signals to the immune system, including those responsible
for autoimmune disorders [13]. For instance, in the skin cathelicidin peptides block release of
cytokines induced by the alarmin hyaluronan, thus their low expression may be a risk factor of the
development of atopic dermatitis [86]. Initially, the term DAMPs involves factors from various cell/tissue
compartments, such as extracellular matrix (hyaluronan, heparan sulfate, eDNA), cytoplasm (heat
shock proteins: HSP60, HSP70, HSP90, HSP27; calcium-binding proteins: S100A8, S100A9, S100A12;
β-Galactoside binding lectins: Galectin-1, Galectin-3; and uric acid), mitochondria (mitochondrial DNA,
ATP, N-formylated peptides), and other subcellular organelles (HMGB1, IL-33, IL-1α, Calreticulin).
However, currently, several HDPs, e.g., cathelicidins and α- and β-defensins, are also classified as
alarmins [14], which in fact are frequently co-expressed with DAMPs (Figure 3).

Figure 3. Network of interactions between α-defensin 1 gene (DEFA-1) and other human proteins
(the network was obtained from STRING v11 database) [87]. Represented proteins are central to antimicrobial
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and immunomodulatory activities. Abbreviations: AGER, advanced glycosylation end-product-specific
receptor; BPI, bactericidal permeability increasing protein; CAMP, cathelicidin antimicrobial peptide;
CLU, clusterin; CTSG, cathepsin; DEFA3, defensin alpha 3; DEFA4, defensin alpha 4; DEFA5, defensin
alpha 5; DEFA1B, defensin alpha 1B; DEFB4A, defensin beta 4A; DEFB1, defensin beta 1; DEFB132,
defensin beta 132; DEFB127, defensin beta 127; ELANE, neutrophil elastase; GRN, granulin precursor;
LCN2, lipocalin 2; LTF, lactotransferrin; LYZ, lysozyme; MPO, myeloperoxidase; MMP8, matrix
metallopeptidase 8; ORC1, origin recognition complex subunit 1; PGLYRP1, peptidoglycan recognition
protein 1; PRTN3, proteinase 3; RNASE3, ribonuclease A family member 3; SLP I, secretory leukocyte
peptidase inhibitor; S100A8, S100 calcium binding protein A8; S100A9, S100 calcium binding protein
A9; S100A12, S100 calcium binding protein A12; TCN1, transcobalamin 1.

Indeed, a link between HDPs and multiple autoinflammatory diseases such as skin disease
(atopic dermatitis, psoriasis, rosacea) or microbiota-related ones, e.g., IBD (Crohn’s disease,
colitis ulcerosa), acne vulgaris, and periodontitis, has been established by several studies (see below).
An enhancement of Th17 response by HDPs may serve as an example. Briefly, HDPs efficiently attract
Th17 (T helper 17 cells), which in turn secrete pro-inflammatory cytokines, IL-17A, IL-17F, IL-21,
and IL-22, responsible for mounting mucosal defense against pathogenic microbes in the respiratory or
intestinal tract. For instance, IL-17A and IL-22 work synergistically to induce certain β-defensins hBD-1,
hBD-3, and hBD-4 in both human and primary mouse gastric epithelial cells (GEC) and gastroids
co-cultured with Helicobacter pylori [88]. On the other hand, an elevated level of Th17 cells has been
connected with various autoimmune diseases, such as systemic lupus erythematosus, rheumatoid
arthritis, or psoriasis [89].

Also, genetically-mediated deficiency/excess of HDPs, gene sequence polymorphisms, as well as
disturbed expression may be a risk factor in inflammatory diseases. For instance, Hollox et al. [90]
showed a significant association between higher genomic copy numbers for β-defensin genes,
ranging from 2 to 7 copies, and the relative risk of developing psoriasis. Likewise, a lower the
hBD-2 gene copy number in the β-defensin locus predisposes to colonic Crohn’s disease [91].
Recently, experimental evidence has highlighted the genetic association between the clinical phenotype
of sepsis and DEFA-1/DEFA-3 copy number. Transgenic mice models were engineered to produce a
high gene copy number of DEFA-1/DEFA-3, which manipulated the outcome of sepsis progression [92].
The consequential effect was compared to the low gene copy number wild-type mice models, in that
the former showed chronic inflammation, endothelial cell damage, vascular leakage, severe organ
injury, and mortality. Thus, treatment of patients with sepsis can be challenging due to the underlying
individual genetic associations. However, further research is needed to obtain conclusive data.
In addition, single nucleotide polymorphisms (SNPs) of the hBD-1 gene was connected with the
pathogenesis of inflammatory bowel diseases and chronic gastritis [93], as well as oral diseases [94].

In general, expression of HDPs is enhanced during infection or inflammation through transcription
factors initialized by pro-inflammatory cytokines or signaling pathways associated with activation
of PRRs, e.g., Toll-like receptors (TLRs). For instance, promoter regions of α- and β-defensin genes
contain binding sites for major cellular transcription factors, notably nuclear factor κB (NF-κB) and
activator protein 1 (AP-1) (Figure 1). It should be noted that NF-κB also plays a crucial role in the
pathogenesis of Crohn’s disease, along with many other pro-inflammatory molecules that modulate
the hBD-2 expression [95], as well as in triggering its production (and IL-6) in severe sepsis [96].
Moreover, the expression of genes encoding LL-37 (and hBD-2) is modulated by vitamin D3 via
binding with specific DNA sequences in their promoters, the so-called vitamin D response elements
(VDRE) [97]. Additionally, a recent in silico analysis identified a wide range of transcription factors
which possibly bind and modulate the gene transcription of many antimicrobial peptides and proteins,
such as LL-37, RNAse1, CCL18, CXCL14, and HTN1 [98].

In line with this, it has been established that DNA methylation of the CpG sites in the 5′
flanking region of the hBD-1 gene contributes to its deficiency in patients with atopic dermatitis [99].
Furthermore, point mutations in the promoter region of hBD-1 explain a cancer-specific loss of this
peptide in 90% and 82% of renal cell carcinomas and prostate [100]. Thus, hBD-1 was suggested as a
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potential tumor suppressor gene for urological cancers. Also, in oral squamous cell carcinoma (OSCC),
hBD-1 appears to have anti-tumor properties, while hBD-2 and hBD-3 might be proto-oncogenes [101].

Nonetheless, the relation between HDPs and inflammation is not always straightforward,
and either their deficiency or overproduction, as well as a balance between pro- or anti-inflammatory
effects, may contribute to the pathological inflammatory response. For instance, in atopic dermatitis
(AD), despite severe skin inflammation, the expression level of major skin HDPs, dermcidin, LL-37,
hBD-2, and hBD-3, is not increased, hence patients with AD are more prone to skin infections and
have altered skin colonization patterns. By contrast, in psoriasis, expression of LL-37, hBD-2, and
hBD-3 is elevated, hence skin infection is rare. Nevertheless, LL-37 and hBDs are considered as a major
driving force of inflammation in psoriasis by mechanisms involving increased production of IFN-α
and activation of pDCs, respectively [102]. In addition, these peptides stimulating degranulation
of mast cells and increasing production of the pruritogenic cytokine IL-31 may escalate itching
(pruritus) manifestation [103]. However, it has been recently observed that LL-37 may also act as
an anti-inflammatory agent by blocking the release of inflammatory cytokine IL-1β, depending on
its concentration. Interestingly, this observation possibly explains the mechanism underlying the
paradoxical effectiveness of vitamin D3, i.e., inducer of LL-37 expression, in treatment of psoriasis [11].
Similarly, hBD-3 may inhibit inflammation by inducing expression of anti-inflammatory cytokine
IL-37 in keratinocytes [104]. An elevated level of cathelicidin is also observed in other inflammatory
skin conditions, namely rosacea and palmoplantar pustulosis, but instead of the native form of LL-37,
its proteolytically cleaved variants drive the inflammation [76,105].

Considering the above, the final contribution of HDPs to inflammatory processes is a derivative
of multiple variables related to their expression, processing, concentration, and combination, as well as
reciprocal interactions with the remaining components of the host immune system. For instance, pro- and
anti-inflammatory effects of cathelicidin LL-37 are concentration-dependent, i.e., the former is visible at
>20 μg/mL, whereas the latter at 1–5 μg/mL. Similarly, at the concentration range 1–100 ng/mL, β-defensins
can act as chemokines only, since other immunomodulatory functions are not visible [10]. Furthermore,
there are more than 20 antimicrobial peptides in the skin characterized by different expression levels
(Figure 4) [106]. Therefore, the relationship between HDPs and inflammation appears to be strongly
context-dependent (e.g., inflammation site, type of cells, or stimuli), and as such, it should be analyzed on a
multidimensional level, rather than as a single action of individual peptides. Otherwise, valid conclusions
regarding the ultimate role of HDPs in inflammation may be difficult to draw. In the next paragraph,
we discuss mechanisms behind anti- and pro-inflammatory actions of HDPs.
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Figure 4. Relative expression of selected host defense peptide (HDP) genes in the human skin, based on
RNA-seq analysis of tissue samples from 95 human individuals performed by Fagerberg et al. [107]. The data
were obtained from the GenBank Bio Project: PRJEB4337 (RPKM, reads per kilobase per million reads).
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4. Molecular Mechanisms of Anti- and Pro-Inflammatory Action of HDPs

The immunomodulatory potential of HDPs is strictly connected with their ability to recruit
and activate immune and non-immune cells, as well as a direct or indirect impact on their fate,
including maturation, differentiation, degranulation, or apoptosis [10]. This is mediated through
interaction with a wide range of membrane-bound and intracellular receptors, followed by stimulation
of their downstream signaling pathways. So far, HDPs have been recognized to interact with the
following receptors: (1) Pattern recognition receptors (PRRs), (2) purinergic G-protein coupled receptors
(formyl peptide receptor like-1), (3) P2X7 receptor, (4) MRGPRX2, (5) chemokine receptors (commonly
known CCR2, CCR6), (6) epidermal growth factor receptors (tyrosine kinases), (7) integrin family
receptors (macrophage-1 antigen), nucleotide oligomerization domain (NOD) proteins, and NODlike
receptors (NLRs), and their number is still growing [108,109]. Hence, HDPs modulate immune
responses using the same receptors as MAMPs/PAMPs and DAMPs [110,111]. To illustrate, β-defensins
attract cells by interaction mainly with CCR2 and CCR6 receptors, and exert their “alarmin” activity,
e.g., induction of cytokine production, via TLRs, EGFR, GPCR, and MrgX2 ones; however, both
activities may overlap in one receptor.

It should be noted that TLR receptors may be the root cause of certain HDP-associated
diseases. For instance, in individuals with rosacea, a higher expression of TLR-2 sensitizes the
facial skin to microbes or environmental stimuli. Under these conditions, enhanced expression
of kallikrein-5 proteinase is observed in keratinocytes, and ultimately affects production of
cathelicidin peptides, which drives inflammation and abnormal growth of blood vessels [105].
Moreover, the tumor-suppressing effect of hBD-1 is associated with its ability to modulate epidermal
growth factor and human epidermal growth factor receptor 2 (EGFR/HER2)-associated signaling
pathways [112]. Finally, hBD-3, through deactivation of TLR-4 and TLR-2, may reduce the adverse
immune reaction initialized by NF-κB in response to LPS [113].

Furthermore, β-defensins and cathelicidins, in the same manner as PAMPs (e.g., LPS) and
DAMPs (e.g., heat shock antigens Hsp60 and Hsp70), are ligands of Toll-like receptor 4 (TLR-4).
However, the resulting outcome of the receptor’s stimulation may be different for these molecules.
For instance, unlike LPS, hBD-3 does not induce production of IL-10, which is an important
anti-inflammatory cytokine, e.g., via suppressing function of antigen-presenting cells (APCs),
suggesting that hBD-3 can shift the immune response toward pro-inflammatory direction [114].
Similarly, hBD-2 via TLR-4 leads to maturation of dendritic cells (DCs), which consequently exhibit
Th1-polarized responses, such as the production of pro-inflammatory cytokines IL-12, IL-1α, IL-1β,
and IL-6, which may possibly counter suppressive action of microbial factors by generating more
robust host inflammatory and Th1 responses [115]. In contrast, cathelicidin is considered as an
inhibitor of TLR-4, and thus can antagonize with other TLR-4 ligands released during skin injury, e.g.,
hyaluronan [10].

Therefore, HPDs joining properties of MAMPs/PAMPs and DAMPs may operate as central
nodes in a network that coordinates immune response to infections as well as non-infectious insults.
For instance, it has been shown that synergistic action of MAMPs/PAMPs and DAMPs is necessary
for synthesis and subsequent secretion of pro-inflammatory cytokine IL-1β [13]. It is important to
note that a lack of IL-1β results in high susceptibility to infections, but its overproduction causes
uncontrolled inflammation and tissue damage via T cell-mediated autoinflammatory response [116].
Indeed, overproduction of IL-1β was observed in patients with inflammatory bowel disease, and
has been connected with deficiency of α-defensins that serve as regulators of IL-1β maturation [117].
As aforementioned, also in psoriasis, LL-37 may act as an inhibitor of the IL-1β release in keratinocytes
by blocking activation of the cytosolic DNA-sensing signaling AIM2, i.e., cytosolic receptor for dsDNA.
Hence, cytoplasmic DNA appears to contribute to the pathogenesis of psoriasis via activation of IL-1β
in keratinocytes by AIM2-mediated inflammasomes [11].

In this context, it is relevant to mention the relationship of HDPs and self-nucleic acids, and its
impact on inflammation. Under normal homeostatic conditions, the host-derived nucleic acids released
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from damaged and dying cells do not mediate inflammatory responses because of the systematic
regulation and physiological location of nucleic acid sensing TLR7/9. However, several studies
have shown that HDPs may disturb immune tolerance to self-nucleic acids, and in turn significantly
enhance cell responses—in particular, plasmacytoid dendritic cells (pDCs) [118]. In fact, in the skin,
this mechanism has been identified as an important initiator of psoriasis development, where LL-37 and
defensins are able to condense self-DNA into particles, which are internalized by pDCs, inducing robust
IFN-α response via activation of the TLR-9 signaling pathway [119,120]. This enhances production of
large amounts of type I IFN, leading to the functional activation of myeloid dendritic cells (mDCs),
monocytes, NK cells, keratinocytes, as well as Th1/Th17 differentiation, which further increase the
pro-inflammatory, e.g., IFN-γ, IL-22, and IL-17, cytokine expression [120,121]. In line with this, a novel
mechanism of nucleic acid recognition by LL-37 utilizing cell surface RNA scavenger receptors (SRs)
has been described [122], which results is enhanced clathrin-dependent endocytosis, facilitating the
overproduction of inflammatory cytokines and chemokines. Recently also RNase7 was found to utilize
plasmacytoid dendritic cell (pDC) TLR-9 signaling mode of IFN-α activation even more strongly than
LL-37, emphasizing its crucial role in autoimmune inflammatory skin diseases [123]. Interestingly,
other antimicrobial peptides expressed in the skin, such as psoriasin, elafin, or hBD-1, lack the ability of
interacting with the host nucleic acids, which may be related to their lower net charge (Figure 2) [120].

Another interesting consequence of interactions between HDPs and the host nucleic acids is a
novel wound healing mechanism, where LL-37 may alter wound repair by modifying the responses to
dsRNAs released as a result of skin injury. In detail, LL-37 enhances endosomal uptake of non-coding
double stranded RNA in TLR-3-mediated mechanism, that results in activation of several important
wound repair growth factors, including fibroblast growth factor (FGF2), and heparin binding EGF-like
growth factor (HBEGF) from the dermal keratinocytes and fibroblasts [124]. Inhibition of LL-37/dsRNA
relation may contribute to the development of hyperproliferation-based diseases, like psoriasis,
whereas its augmentation can lead to increased wound regeneration in pathological conditions of
abnormal wound repair (e.g., diabetic ulcers).

Finally, LL-37 actively participates in neutrophil extracellular trap (NET) formation via disruption of
the nuclear membrane and promotes their stability [125]. NETs are structures composed of decondensed
chromatin and multiple enzymes (elastase, myeloperoxidase, gelatinase, etc.) and proteins, including
antimicrobial ones. Thus, NETs act as a mechanical barrier that entraps and subsequently reduces
spreading of pathogens and/or their toxic products into the host tissues, where the antimicrobial activity
of HPDs is boosted by their accumulation and combination [126]. Moreover, Stephan et al. have shown
that complexes of LL-37/DNA formed inside human macrophages may participate in defense against
intracellular bacteria, e.g., mycobacteria [127]. Accordingly, a recent study investigated the therapeutic
potential of LL-37 in modulating macrophage-mediated excessive inflammatory responses. It was found
that LL-37 reduced the severity of tuberculosis by rapidly enhancing the anti-inflammatory cytokine
TGF-β, IL-10, and prostaglandin E from the infected macrophages [128]. However, further studies
regarding the exogenous effect of LL-37 in severe pulmonary tuberculosis are warranted. Interestingly,
administration of vitamin D3 or another potent inducer of LL-37, i.e., 4-phenyl butyrate (PBA), may be
an alternative treatment method of tuberculosis [129].

5. Deregulations of HDPs Expression in Selected Diseases

5.1. Periodontal Diseases

An imbalanced unhealthy oral microbiota ushers the entry of various cariogenic, periodontal
microbes which engenders oral biofilm formation and periodontal diseases such as gingivitis and
periodontitis. The oral epithelial tissues, mainly the gingival epithelium, play a significant role in
resisting the colonization of unfavorable oral pathogens. These tissues readily secrete beta-defensin
peptides, as well as histatins, which are the major host defense proteins of the saliva that maintain
homeostasis of oral microbiota [130]. A significant correlation is observed between elevated levels
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of hBD-2, hBD-4, and HNP4 in the oral mucosal epithelial cells of both adults and children with the
development of dental caries. They are considered as important clinical biomarkers of periodontal
diseases and dental caries. It has been shown that there is a declined expression of beta-defensin
1 mRNA gene in the inflamed gingival tissues and periodontal structures. Conversely, chronic
cases of periodontitis manifest an elevated expression of the hBD-1 gene [131,132]. The severity of
periodontal diseases and dental plaques grows, along with a heightened expression of hBD-2 and
histatin-5. Higher activity of pro-inflammatory cytokines modulates the progression of the infection,
which further stimulates the production of the defensin peptides through various transcription
factors [133]. Recently, 89 patients were monitored according to their periodontal status in relation to
other clinical parameters [134]. This study identified an increase in the salivary production of hBD-2,
triggered by inflammatory processes and pathogen derived metabolites that can be considered as a
possible diagnostic biomarker s of periodontal diseases.

Healing of periodontal lesions is initiated by various growth factors, pro-inflammatory mediators,
and antimicrobial peptides accumulating at the infected site. In detail, a complex network of highly
specialized growth factors, namely, insulin-like growth factor (IGF1, IGF2), transforming growth
factor (TGF-α, TGF-β), epidermal growth factor, and platelet-derived growth factor, coordinates the
reparative process by rapid differentiation of keratinocytes and fibroblasts [135]. These growth factors
also assist the wound healing mechanism by influencing the gene expression pattern of antimicrobial
peptides that typically participate in the epithelial cell proliferation, migration, and inhibition of
colonizing microbial pathogens at the site of injury. While it is established that wounding influences
the expression of HDPs, not all of them function the same way. Recent reports have highlighted the
distinct immune responses triggered within the wounded gingival epithelial cells (GECs) and gingival
fibroblasts (HGFs) upon treatment with IGF1 and TGF-α. These growth factors enabled efficient wound
closure and differently modulated the expression of hBD-2, CCL20, IL-1, and IL-8. The findings indicate
that hBD-2 was exclusively enhanced in the gingival epithelial cells measured at set time points of 6 h
and 24 h post-wounding, particularly in those cells associated with the keratinocyte differentiation
marker involucrin. Additionally, hBD-2 along with CCL20, IL-1, and IL-8 control the invasion of
bacterial microbes and impact the neutrophil defense mechanisms [136]. Contrarily, the wounded
gingival fibroblasts (HGFs) witnessed a substantially low expression pattern of hBD-2 and CCL20,
with or without growth factor treatment, that was suggested as a mechanism protecting fibroblast
overgrowth into the epithelial wound [136]. fibroblast overgrowth into the epithelial wound.

5.2. Inflammatory Lung Diseases

Cystic fibrosis (CF) is a life-limiting disease characterized by recurrent respiratory infections
and inflammation, connected to altered composition and volume of the airway surface liquid (ASL).
For instance, a reduced bicarbonate HCO3

- secretion resulting in a decrease of airway surface pH
(average 6.8–7.5) was observed. Interestingly, it was also found that the acidic pH weakened the action
of LL-37 and hBD-3 against invasive Staphylococcus aureus and Pseudomonas aeruginosa infections by
affecting their structural net charge. Therefore, it could be suggested that a similar mechanism of
acidic pH-reduced antimicrobial activity may occur in other inflammatory conditions taking place in
cerebral spinal fluid, peritoneal fluid, and pleural fluid. Additionally, it has been noted that high ionic
strength (Na+, K+, Cl+) may impair the antimicrobial activity of hBD-2, lysozyme, and lactoferrin [137].
Moreover, CF patients suffer from viscous sputum that accumulates and obstructs their airways.
The thick mucus is characterized by heterogenous complex aggregates of DNA and F-actin filaments
derived from leukocytes that have encountered necrotic death. Thus, the antimicrobial function of
LL-37, lysozyme, lactoferrin, and hBD-3 released in the respiratory airways is substantially hindered as
they stabilize DNA/F-actin bundles. Additionally, neutralization of the immune function of neutrophil
protease and IL-8 take place during DNA/F-actin bundles formation [138,139]. It is also worthwhile to
underline that abundant secretion of cysteine cathepsins from the macrophages hinders the functional
expression of hBD-2.
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Chronic obstructive pulmonary disease (COPD), bronchitis, and asthma are all characterized by
inflammation that develops as a consequence of pro-inflammatory mediator secretion. Immune cells
distributed throughout the lungs are responsible for sudden exacerbations associated with the
production of cytokines, oxidative stress, and protease secretion, including caspases, neutrophil
elastase, and matrix metalloproteinases. One study reports the enhanced expression of hBD-2 in the
distal airway epithelial cells of COPD patients, but a rather diminished expression of hBD-2 in the
central airways, despite the exaggerated expression of TLR-4 receptors [140]. This distinct variation
was found to be in correlation with exposure to cigarette smoking. While it is evident that every
cell in the body requires ATP for its biological function of energy production and retention, little is
known about its possible involvement in the immune system response to bacterial infection and
inflammation. In a P. aeruginosa-infected rat model, ATP administration led to rapid stimulation
of hBD-2 production. The mechanism of ATP action involved NADPH family of oxidases (DUOX
1) via ion channel receptors P2X, P2Y activation, and regulation of multiple signaling pathways
ERK1/2 and NF-κB [141]. The released defensin peptide was found to control the inflammatory
processes underlying the acute infection of pneumonia by suppression of TNF-α and IL-6. Furthermore,
another study detected the potent ability of the IL-17 family of cytokines in the induction mechanism
of the hBD-2 gene. Typically, most of the immune cells, including T helper cells, macrophages,
dendritic cells, and natural killer cells, secrete IL-17 family of cytokines. These cytokines act in
concordance with the tumor necrosis factor and IL-1 to promote the induction of other inflammatory
mediators production, which individually or collectively can stimulate the secretion of beta-defensins
via the activation of various signaling pathways [142,143]. For example, the stimulatory functions of
IL-17 in the airway epithelial cells promoting transcription of the hBD-2 gene through the action of
JAK and NF-κB signaling have been reported [144]. Moreover, IL-17 has an impact on other cytokines
such as IL-1α, IL-β, IL-6, IL-7, and TNF-α, which contribute to the production of hBD-2. On the
other hand, the alveolar macrophages and dendritic cells consistently maintain the release of IL-22.
According to a recent study, in which alveolar epithelial cells (A549) were screened for the abundant
display of IL-22 receptors and subjected to treatment with different doses of IL-22, an increase of hBD-2
mRNA transcript synthesis via the STAT3 pathway was observed [145]. Thus, this study revealed a
new immunomodulatory role of IL-22 in stimulation of the lung defensins in response to exposure
to pathogenic bacteria and viruses. Interestingly, hBD-1 has also emerged as a clinical biomarker of
COPD and other inflammatory lung diseases, such as asthma [146]. However, in this case, an altered
expression of hBD-1 may be aggravated by gene copy number variations.

5.3. Inflammatory Bowel Diseases

The human defensins 5 and 6 (HD5, HD6) are particularly important in preserving the homeostatic
equilibrium of the enteric mucosa layer, exhibiting different effects against the essential inducers of their
secretion, i.e., various products of the Gram-positive and Gram-negative bacteria [147]. To illustrate,
there is a remarkable reduction in the expression levels of HD5 and HD6 by the Paneth cells in
inflammatory bowel conditions such as Crohn’s disease. This shift in expression could be attributed
to the cause by genetic changes in the NOD2 receptor [148]. Furthermore, a recent study suggests
the possibility of using other HDPs, such as the level of fecal HNP, as a non-invasive biomarker of
intestinal inflammation in patients suffering from colitis ulcerosa [149].

The human beta-defensins are also naturally expressed in the epithelial cells of the gastric mucosa
and extensively participate in host defense against Helicobacter pylori colonization, a bacterium present
in a high proportion (~80%) of people throughout the world [150]. Multilevel signaling pathways
promote the molecular mechanism of induction of beta-defensins in response to the initial stages
of H. pylori infection. In addition, it has been shown that the phosphorylation of a serine residue
of EGFR may modulate the release of hBD-3 [151], revealingan underlying interdependent relation
between the stimulated transforming growth factor β-activated kinase-1 (TAK1), p38α pathway,
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and phosphorylation of EGFR receptor in the amplified release of hBD-3 in the gastric mucosa involved
in H. pylori infection.

6. Conclusion

The multifunctional host defense peptides provide a link between innate and adaptive immunity
against different microorganisms and contribute to inflammation of infected sites. Depending on the cell
type and extracellular environment, some of these peptides exert contrasting functions, wherein they
promote or suppress inflammatory processes. A strongly compromised action of host defense peptides
against intruders and delayed resolution of inflammatory mediators underlies the development of
inflammation in different diseases. Some of these peptides may serve as potential clinical biomarkers
for a wide range of inflammatory diseases. Evidently, antimicrobial regulation is crucial to limit
the exacerbation of inflammatory signaling molecules. While various factors govern the release of
HDPs, any dysregulation can favor an imbalanced feedback mechanism between the host-induced
anti-inflammatory and pro-inflammatory processes. In summary, a deeper understanding of the
diverse functional roles of HDPs in the body’s physiological response to inflammation and disease is
crucial and represents the first approach to develop new therapeutic strategies based on HDPs aimed
at resolving the progression of inflammatory diseases and strengthening the host barrier defenses.
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AMPs Antimicrobial peptides
ATP Adenosine triphosphate
BM Bone morphogenetic protein
CAMP Cathelicidin antimicrobial peptide
CCR2 C–C chemokine receptor type 2
CCR6 C–C chemokine receptor type 6
CNV Copy number variation
COPD Chronic obstructive pulmonary disease
DAMPs Damage-associated molecular patterns
DC Dendritic cell
DUOX1 Dual oxidase 1
EGFR Epidermal growth factor receptor
ELA2 Neutrophil elastase 2
FGF2 Fibroblast growth factor
GEC Gingival epithelial cell
HBEGF Heparin binding EGF like growth factor
HER2 Human epidermal growth factor receptor 2
HGFs Human gingival fibroblasts
HMGB1 High mobility group box 1
IDR Innate defense regulator
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IGF Insulin like growth factor
IL-1α Interleukin-1α
IL-33 Interleukin-33
JAK Janus Kinase
LPS Lipopolysaccharides
LTA Lipoteichoic acid
MAPK Mitogen-activated protein kinase
MIC Minimum inhibitory concentration
MIP–3 Macrophage inflammatory protein-3 alpha
MRGPRX2 Mas-related G-protein coupled receptor member X2
NETs Neutrophil extracellular traps
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NOD2 Nucleotide-binding oligomerization domain
OSCC Oral squamous cell carcinoma
P2X7 Purinoceptor 7
SNP Single nucleotide polymorphism
STAT Signal transducer and activator of transcription
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Abstract: In chronic inflammatory joint diseases, such as rheumatoid arthritis, there is an important
bone loss. Parathyroid hormone-related protein (PTHrP) and related peptides have shown
osteoinductive properties in bone regeneration models, but there are no data on inflammatory
joint destruction. We have investigated whether the PTHrP (107-111) C-terminal peptide (osteostatin)
could control the development of collagen-induced arthritis in mice. Administration of osteostatin
(80 or 120 μg/kg s.c.) after the onset of disease decreased the severity of arthritis as well as cartilage
and bone degradation. This peptide reduced serum IgG2a levels as well as T cell activation, with the
downregulation of RORγt+CD4+ T cells and upregulation of FoxP3+CD8+ T cells in lymph nodes.
The levels of key cytokines, such as interleukin(IL)-1β, IL-2, IL-6, IL-17, and tumor necrosis factor-α
in mice paws were decreased by osteostatin treatment, whereas IL-10 was enhanced. Bone protection
was related to reductions in receptor activator of nuclear factor-κB ligand, Dickkopf-related protein 1,
and joint osteoclast area. Osteostatin improves arthritis and controls bone loss by inhibiting immune
activation, pro-inflammatory cytokines, and osteoclastogenesis. Our results support the interest of
osteostatin for the treatment of inflammatory joint conditions.

Keywords: osteostatin; arthritis; inflammation; immune response; cartilage destruction; bone erosion

1. Introduction

Parathyroid hormone (PTH) and parathyroid hormone-related protein (PTHrP) show structural
homology at the N-terminal region, which determines the interaction with the common PTH type 1
receptor. The bone anabolic properties of different PTHrP-derived peptides have been demonstrated
in vitro and in vivo. In particular, the Food and Drug Administration have approved abaloparatide,
which is an analogue that is based on the N-terminal 1-34 sequence of human PTHrP, for the treatment of
postmenopausal women with osteoporosis at high risk for fracture. Several studies have demonstrated
that both the N-terminal fragment and the PTH-unrelated C-terminal domain of PTHrP can enhance
osteoblast proliferation and differentiation [1,2] and it can confer osteoinductive effects to implants in
animal models of bone repair [3]. In addition, some C-terminal peptides have been found to reduce
osteoclast activity in vitro, suggesting that the C-terminal PTHrP may act as a paracrine regulator of
bone metabolism [4].

Rheumatoid arthritis (RA) is the most common chronic inflammatory joint disease. Autoimmunity
responses precede joint inflammation and cellular activation to release a wide range of pro-inflammatory
and catabolic mediators inducing the chronic inflammatory state and articular damage [5]. RA is
characterized by an important alteration in bone homeostasis with an imbalance between bone
resorption and formation [6]. Therefore, localized bone resorption and generalized bone loss are
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both associated to the progression of disease [7]. Bone damage arises from complex interactions that
determine osteoclast precursor maturation that is mainly mediated by receptor activator of nuclear
factor-κB ligand (RANKL), macrophage colony-stimulating factor and tumor necrosis factor-α (TNFα)
pathways [5].

High levels of PTHrP in synovial fluid from RA patients are thought to participate in the regulation
of different articular cells, such as subchondral bone osteoblasts, lymphocytes, or chondrocytes [8].
The production of PTHrP has been related to chondrogenesis and the inhibition of hypertrophic
development of mesenchymal stem cells [9]. Indeed, PTHrP delays chondrocyte differentiation and it
is involved in cartilage maturation [10]. Nevertheless, some report has suggested a pathogenic role
for PTHrP that is related to synovial cell proliferation or osteoclast induction in arthritic articular
tissues [11].

We have recently shown that PTHrP peptides are able to control senescence and inflammation
in osteoarthritic osteoblasts. These properties were mainly associated to the C-terminal moiety of
these agents [12]. No studies have yet addressed if these peptides could control joint inflammatory
conditions. Therefore, we have explored whether PTHrP (107-111) (osteostatin), which includes
the -Thr-Arg-Ser-Ala-Trp- sequence of the PTHrP C terminal fragment, exerts inhibitory effects
on inflammation and joint degradation in the collagen-induced arthritis (CIA). This model exhibits
morphological features that are similar to RA, including synovitis and erosion of cartilage and bone [13].

2. Results

2.1. Effects of Osteostatin on the Progression of Arthritis

As shown in Figure 1A, the severity of arthritis increased over time, until the end of the experiment.
Mice that were treated with osteostatin (80 μg/kg or 120 μg/kg) showed a sustained reduction in this
score, which was significant from days 34 to 40.

 
Figure 1. (A) Time course of arthritis macroscopic score. For each animal, a total score value was
calculated after the second immunization on day 21. (B) Time course of body weight. (C) Representative
images of mice hindpaw on day 40. Data are presented as mean± SEM (n= 8 mice per group). # p < 0.05,
## p < 0.01, ### p < 0.001 versus naïve group; * p < 0.05, ** p < 0.01 versus control group. Two-way
ANOVA (Bonferroni post-test).

Figure 1C shows representative images of these experimental groups. The progression of the
arthritic process resulted in weight loss when compared with naïve animals, while the treatment with
the highest dose of osteostatin tended to normalize this parameter (Figure 1B).
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2.2. Joint Histological Analysis

Cartilage pathology and joint inflammation were assessed by joint histological analysis of ankle
sections that were stained with haematoxylin/eosin or safranin O. Representative sections are shown in
Figure 2A and the histological score in Figure 2B. Histopathological examination of ankle joints of
arthritic control mice showed cartilage damage with chondrocyte death and proteoglycan depletion,
besides synovial infiltrate and exudate. Treatment with both doses of osteostatin led to reductions in
chondrocyte death, cartilage erosion, proteoglycan depletion, and synovial exudate, while a reduction
in synovial infiltrate was observed at the highest dose.

 
Figure 2. Histological analysis of ankle joints at day 40. (A) Haematoxylin and eosin (H&E) and
safranin O stained sections (40× and 200×, respectively). Bar = 200 μm (H&E) and 50 μm (safranin
O). (B) The histological scores are presented as mean ± S.D. (n = 5) and were analyzed using one-way
ANOVA with Tukey’s post-test. ### p < 0.001 versus naïve group; * p < 0.05, ** p < 0.01, *** p < 0.001
versus control group.

2.3. Effects on Local Cytokine Levels and Myeloperoxidase Activity

Next, we investigated whether osteostatin could regulate local cytokines. For this purpose,
we measured by ELISA the levels of key cytokines present in paw homogenates at the end of the
experiment. We found a significant reduction of interleukin(IL)-1β, TNFα, IL-6, and IL-2 by both
doses of osteostatin, whereas no significant effect was observed on the chemotactic factor CXCL-1
(Figure 3). In addition, the levels of IL-17 and RANKL (osteoclast-differentiation factor) were decreased
by both doses of osteostatin, although the results reached statistical significance for the 80 μg/kg dose.
Notably, the levels of the anti-inflammatory cytokine IL-10 were significantly enhanced by both doses
of osteostatin. Myeloperoxidase (MPO) activity was measured in paw homogenates. As shown in
Figure 3, MPO was increased by arthritis induction, and this effect was significantly reduced by the
highest dose of osteostatin.
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Figure 3. Levels of mediators in paw homogenates. Cytokines were measured by ELISA.
Myeloperoxidase (MPO) activity was determined by spectrophotometry O.D. (optical density, 450 nm).
Data presented as mean ± SEM. # p < 0.05, ### p < 0.001 versus naïve group; * p < 0.05, ** p < 0.01,
*** p < 0.001 versus control group. One-way ANOVA (Tukey’s post-test with n = 8).

2.4. Effects on Serum IgG2a and Bone Metabolism Biomarkers

As the severity of arthritis in this experimental model is positively correlated with the IgG
autoantibody response to collagen II [14] and the presence of the IgG2a isotype [15], we wanted to
investigate whether osteostatin can modify the serum levels of IgG2a. ELISA analyzed serum samples
that were taken at the end of the study. Figure 4 shows that the IgG2a levels were significantly increased
in arthritic control mice, while osteostatin treatment reduced them, although statistical significance was
only reached for the 120μg/kg dose. In addition, several biomarkers of bone metabolism were measured
in serum. The wingless-related integration site (Wnt) signaling pathways play an essential role in
regulating bone development and homeostasis of joints and the skeleton mass [16]. Arthritis induction
did not modify osteocalcin (a biomarker of mature osteoblasts) levels, but enhanced the Wnt regulatory
molecules sclerostin and Dickkopf-related protein 1 (DKK-1) (Figure 4). Our results indicate that
DKK-1 levels were dose-dependently inhibited by osteostatin, whereas osteocalcin and sclerostin were
not significantly modified.
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Figure 4. Serum levels of IgG2a and bone metabolism biomarkers Dickkopf-related protein 1 (DKK-1),
sclerostin, and osteocalcin. IgG2a levels were measured by ELISA and bone metabolism biomarkers
by multiplexing. Data are presented as mean ± SEM. One-way ANOVA with Tukey’s post-test.
### p < 0.001, versus naïve group; * p < 0.05, *** p < 0.001 versus control group (n = 8).

2.5. Lymph Node T Cell Proliferation and Release of Cytokines

We next determined the effects of osteostatin on T cells that were present in lymph nodes. Figure 5
shows that T cell proliferation was stimulated in arthritic control mice versus naïve group. A lower
proliferation was observed in osteostatin-treated animals, with a significant effect for the highest dose,
which reduced proliferation to levels similar to those found in naïve animals. In addition, T cells
from arthritic control mice released higher levels of the cytokines IL-2, IL-4, and interferon γ (IFNγ)
as compared with non-arthritic animals. The treatment with osteostatin reduced the release of these
cytokines with significant effects for IL-2 at the highest dose and for IL-4 and IFNγ at both doses.

 
Figure 5. T cell proliferation assay and release of cytokines. Lymph node T cell proliferation was
measured by bromdeoxiuridine incorporation. O.D. (optical density, 405 nm). ELISA measured levels
of T cell differentiation cytokines in the conditioned media of the cell proliferation assay. Data are
presented as mean ± SEM (n = 5), one-way ANOVA with Tukey’s post-test. # p < 0.05, ## p < 0.01,
### p < 0.001 versus naïve group; * p < 0.05, ** p < 0.01, *** p < 0.001 versus control group.

The analysis of T cell populations revealed that arthritis induction increased the number of
RORγt+CD4+ T cells, whereas Foxp3+CD4+ T cells and to a lower extent Foxp3+CD8+ T cells were
reduced in arthritic controls when compared with naïve mice (Figure 6).
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Figure 6. Flow cytometry analysis of lymph node T cell populations. FoxP3+ and RORγt+ T cell
populations are represented. Data are mean ± SEM (n = 5), one-way ANOVA with Tukey’s post-test.
# p < 0.05 versus naïve group; * p < 0.05, *** p < 0.001 versus control group.

Osteostatin reverted the effect of CIA on RORγt+CD4+ T cells and tended to enhance Foxp3+CD4+
T cells. In addition, osteostatin increased the number of Foxp3+CD8+T cells, with statistically significant
results for the 120 μg/kg dose.

2.6. Bone Degradation

After identifying histological improvements in ankle joint by osteostatin treatment, we checked
whether this compound could modify arthritic bone alterations. Analysis of X-rays taken from the mice
paws revealed that osteostatin treatment reduced the severity of radiographic changes. Figure 7A shows
the quantification of bone density (front and hind paws) in Hounsfield units and representative images
of hind paws. Arthritis induction significantly reduced bone density while osteostatin normalized
these values. The differentiation of osteoclasts is a key process driving major erosive lesions in RA [17].
Osteoclast area was assessed by tartrate-resistant acid phosphatase (TRAP) staining of mice ankle
sections. Arthritic control mice showed a significant enhancement of TRAP staining when compared
with non-arthritic animals (Figure 7B). Of note, osteostatin dose-dependently reduced TRAP staining,
which showed values that were similar to those of naïve mice in animals that were treated with the
120 μg/kg dose.
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Figure 7. Bone density and osteoclast area analysis. (A) X-rays analysis of both front and hind limbs.
Bone density was measured by analyzing a ROI (region of interest) around the wrist and ankle joints.
Values are presented in Hounsfield units. Representative images of hind paws with color scale: red,
high bone density; green/yellow, middle density; blue, low density (n= 5). (B) Tartrate-resistant acid
phosphatase (TRAP) staining of mice ankle sections. The purple staining represent the TRAP positive
area associated to osteoclasts activity. Bar = 200 μm and 50 μm. Data are presented as mean ± SEM
(n = 5). One-way ANOVA with Tukey’s post-test. # p < 0.05, ### p < 0.001 versus naïve group; * p < 0.05,
*** p < 0.001 versus control group.

3. Discussion

In the present study, we show that osteostatin treatment ameliorates the severity of experimental
arthritis with efficacy on clinical signs and structural alterations of CIA. Mice injected with collagen II
develop arthritis that is similar in many respects to human RA characterized by a progressive breakdown
of articular cartilage and bone erosion. Histological analysis revealed a significant improvement in
inflammation, proteoglycan loss, and cartilage damage by osteostatin administration as compared
with arthritic control mice. Pro-inflammatory cytokines are abundantly expressed in the arthritic
joints of CIA mice as in human RA. In particular, TNFα plays a relevant role in the integration of
the arthritic response, as demonstrated by the therapeutic efficacy of different strategies aimed at
blocking this cytokine [18]. Our results indicate that osteostatin treatment reduces cell influx into
the synovium, as well as the number of cells that were present in the joint cavity and the levels of
key pro-inflammatory cytokines, such as TNFα, IL-1β, and IL-6. High levels of IL-10 are present in
synovial tissues of RA patients, where it may have an immunoregulatory function [19,20]. Interestingly,
osteostatin treatment significantly enhanced the local production of IL-10, which may be contribute to
the control of disease severity as the deficiency of this cytokine exacerbates the CIA response [21].

Genetically linked autoimmunity to collagen II leads to the induction of arthritis and it may
be determinant for the chronicity of the process and joint cartilage destruction [22,23]. We found
that osteostatin is able to downregulate the production of anti-collagen II IgG2a, an autoantibody
subclass that appears to be of particular importance in the CIA model [15]. The adaptive immune
response and additional mechanisms play a role in the progression of CIA [24]. It has been suggested
that collagen II-specific T cells act during the effector phase of arthritis, leading to perpetuation and
exacerbation of disease [25]. CD4+ T cells differentiate into several subsets that are involved in the
arthritic process [26]. In particular, IL-17-producing Th17 cells appear to play a predominant role
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in autoimmune arthritis [27]. Our data indicate that osteostatin affects T cell immunity in the CIA
model. Therefore, this peptide may downregulate the activity of Th17 cells, as it reduced the number of
RORγt+CD4+ T cells in the lymph node and the levels of IL-17 in the joints [28]. In addition, osteostatin
counteracted the enhanced production of IL-2, IFNγ (Th1 activity), and IL-4 (Th2 activity) induced
by the arthritic process. Accumulating evidence has revealed a key role of IL-17 in the production
of pro-inflammatory cytokines [29] and the potentiation of their effects for cartilage degradation [30].
Furthermore, IL-17 is an important inducer of RANKL expression stimulating osteoclastogenesis and
bone erosion in arthritis [31]. These results suggest that osteostatin might inhibit T cell activation
and the subsequent generation of cytokines that play key roles in the pathogenesis of arthritis and
joint degradation.

On the other hand, it has become evident that CD4+ regulatory T cells (Tregs) are involved
in the control of clinical symptoms of CIA, cytokine production, effector T cell activity [32],
and osteoclastogenesis [33,34]. As a result, the enhancement of Treg activity may be beneficial
for the treatment of inflammation-induced bone loss [35]. In addition to CD4+ Tregs, CD8+ Tregs
possess important immunosuppressive functions [36] and regulate Th17-mediated autoimmune
diseases [37]. Interestingly, CD8+ Tregs are present in synovium from RA patients and they have the
ability to decrease the activity of lesional T cells as well as the production of proinflammatory cytokines,
suggesting a role in synovitis downregulation and potential therapeutic applications (reviewed in [38]).
Thus, induced human CD8+Tregs have been shown to alleviate the severity of CIA and inhibit the
mRNA expression of IL-17A and RANKL in mouse paw [39]. We found that osteostatin enhances
CD8+Treg cells, which may contribute to the downregulation of the immune response to collagen II
and the development of arthritis.

The control of bone destruction is a relevant objective in RA treatment. The erosion of subchondral
and cortical bone is common in areas of synovial hyperplasia. Besides, bone destruction is associated
to the presence of osteoclasts and RANKL expression [40]. X-rays analysis of mouse limbs showed that
osteostatin significantly counteracted the bone density loss that is induced by the arthritic process.
High levels of pro-inflammatory cytokines and mainly TNFα produced in inflammatory arthritis
alter the resorption/formation cycle necessary for bone homeostasis. TNFα may contribute to the
inhibition of osteoblast maturation and function acting directly on these cells [41] or through the
modulation of the Wnt pathway. In fact, TNFα is a key inducer of the Wnt inhibitor DKK-1 in mouse
inflammatory arthritis and in human RA [42]. In addition to the upregulation of RANKL expression
by pro-inflammatory cytokines [43], it is known that TNFα cooperates with RANKL for osteoclast
differentiation [41]. Furthermore, TNFα can stimulate osteoclast formation by RANKL-independent
mechanisms [44]. The bone protective effect of osteostatin that is reported here was supported by
reductions in osteoclast numbers and the inhibition of pro-inflammatory cytokines, such as TNFα and
RANKL, suggesting that osteostatin is able to inhibit osteoclastogenesis in vivo, a critical process in
the pathogenesis of joint damage. These results extend previous findings on the inhibitory effects of
PTHrP C-terminal peptides on osteoclast function in vitro [4].

The Wnt pathway plays an important role in joint remodeling. It is generally accepted that
members of the Wnt family are involved in the production of pro-inflammatory cytokines or catabolic
enzymes in RA [45]. The inhibition of Wnt signaling may be responsible for the suppression of normal
osteoblast function at sites of bone erosion in RA [42,46]. It is also known that DKK1 enhances RANKL
expression and facilitates osteoclastogenesis [47]. Interestingly, the DKK1 levels are elevated in sera
from early RA patients and correlate with disease activity [48]. Thus, recent studies have reported
the reduction in DKK1 serum levels in RA patients in remission. In contrast, sclerostin levels do not
correlate with disease activity and they do not change during remission [49]. In experimental arthritis,
neutralization of DKK-1 with an antibody inhibited bone erosion without affecting inflammation [42],
whereas the neutralization of sclerostin improved systemic bone loss, but did not affect disease severity
or focal bone erosions in the CIA model [50]. However, this last approach worsened clinical outcome in
models of TNFα-dependent inflammation, as sclerostin has an inhibitory effect on TNFα-induced p38
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activation [51]. In line with these findings, we have observed a strong inhibitory effect of osteostatin
on the serum levels of DKK-1 without a significant modification of sclerostin levels in CIA mice
which suggests that DKK-1 downregulation may play a role in the inhibition of arthritic bone loss by
osteostatin treatment.

Our data have shown the anti-arthritic properties of the oligopeptide osteostatin. It is interesting
to note that oligopeptides may have some advantages for drug development when compared with
higher molecular weight products, such as convenient synthesis and low immunogenicity, as well
as favorable pharmacokinetics. However, some studies have reported that oligopeptides show an
acceptable in vivo stability and integrity, good tissue penetration to exert their effects and a low toxicity.
Additionally, they have gained wide attention for drug delivery systems and different modifications
can be easily applied to improve their pharmacological profile [52]. All of these properties are relevant
regarding potential therapeutic applications.

In conclusion, our results demonstrate the protective effects of osteostatin in a model of RA.
This agent downregulated the immune and inflammatory responses resulting in reduced cartilage
and bone destruction. The bone protective effects of osteostatin can be dependent on the inhibition
of osteoclastogenesis, which may be mediated by the downregulation of key cytokines and DKK-1.
Therefore, C-terminal PTHrP peptides provide an interesting approach for developing novel therapeutic
opportunities for inflammatory joint conditions.

4. Materials and Methods

4.1. Animals

Male DBA/1 mice (Janvier, Le Genest-Saint-Isle, France) between 10 and 12 weeks of age (18–20 g)
were used for all experiments. All the mice were housed in plastic cages (four per cage) with wood
chips for bedding in a quiet room under controlled lighting (12 h day/night cycle) and temperature
(22 ± 1 ◦C). Standard diet and water were provided ad libitum. All of the experiments were performed
in accordance with European regulations for the handling and use of laboratory animals (Directive
2010/63/EU and Spanish R. D. 53/2013). The Institutional Animal Care and Use Committee (Comité
de Etica de Experimentación Animal de la Universidad de Valencia, Spain) approved the protocols
(number 2016/VSC/PEA/00053, 11 June 2016). All of the studies are reported in accordance with the
ARRIVE guidelines for reporting experiments involving animals [53].

4.2. Induction of Arthritis

Arthritis was induced, as previously described [54]. Bovine type II collagen (2 mg/mL)
(Chondrex Inc. Redmond, WA, USA) was emulsified in equal volumes of Freund’s complete adjuvant
(Thermofisher Scientific Inc. Waltham, MA, USA). On day 0, the mice were immunized by subcutaneous
(s.c.) injection of the emulsion (100 μL) at the base of the tail. On day 21, animals received an
intraperitoneal booster injection of collagen II (2 mg/mL, 100 μL) that was dissolved in phosphate
buffered saline (PBS).

4.3. Experimental Groups and Treatment

Mice were randomly assigned to experimental groups: naïve group, which was not immunized
(n = 8); control group, which was immunized but not treated (n = 8); OT80, which was immunized and
treated with 80 μg/kg per day of osteostatin (Bachem AG, Bubendorf, Switzerland) in physiological
saline (n = 8); and, OT120, which was immunized and treated with 120 μg/kg per day of osteostatin in
physiological saline (n = 8). Doses, route, and frequency of administration were selected in preliminary
experiments. The treated mice received 100 μL per day (s.c.) of each dose while naïve and control
groups received 100 μL per day (s.c.) of physiological saline, after the onset of disease (day 28) for 13
days. On day 40, the mice were euthanized by cervical dislocation, lymph nodes were dissected, and
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limbs were surgically removed. Hind paws were processed for histologic analysis or homogenized for
measurement of inflammatory mediators.

4.4. Arthritis Score

Joint inflammation was scored visually in each paw, while using a scale of 0–2, where 0-uninflamed,
1-mild, 1.5-marked, and 2–severe, as previously reported [54]. This macroscopic grading system
assessed the extent of changes in redness, swelling, and ulceration of the paws. Scoring was performed
every other day by two trained, independent observers (who were blinded with regard to experimental
group), and weight measurements were also taken.

4.5. Histological Analysis

Ankles were kept in 4% paraformaldehyde in PBS (pH 7.4) for three weeks and decalcified with
Osteosoft® (Merck KGaA, Darmstadt, Germany) for four weeks. Ankles were dehydrated and then
embedded in paraffin. Lateral sections of tissue (7 μm) were obtained while using a Leica microtome
and mounted on SuperFrost slides (Menzel-Gläser/Thermofisher Scientific Inc., Waltham, MA, USA).
Histopathological changes in joints were measured using a scoring system [54]. Haematoxylin and
eosin staining was performed to study joint inflammation. The severity of inflammation in the joints
was scored on a scale of 0–3 (0 = no cells, 1 =mild cellularity, 2 =moderate cellularity, and 3 =maximal
cellularity). To study proteoglycan depletion from the cartilage matrix, sections were stained with
safranin O, followed by counterstaining with fast green. The depletion of proteoglycan was determined
using an arbitrary scale of 0–3, ranging from normal, fully stained cartilage to destained cartilage
that was fully depleted of proteoglycan. Cartilage erosion was scored by assigning a value of 0–3,
depending on the integrity of the joint cartilage. Chondrocyte death was determined by counting the
number of gaps in the cartilage without any chondrocyte. TRAP staining was performed in order
to determine osteoclasts by measuring the TRAP-positive area. Scoring was performed in a blinded
manner by two independent observers. The scores are the result of the mean of three sections from
each mouse. The sections were examined under a light microscope DM IL LED (Leica®, Wetzlar,
Germany) and pictures were taken with a camera Leica® (DFC 450 C).

4.6. Determination of Mediators in Paw Homogenates

Hind limbs were homogenized in liquid N2 with 2 mL of A buffer pH 7.4 (10 mM HEPES, pH 8,
1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1 mM dithiothreitol, 5 mM NaF, 1 mM Na3VO4, 1 mg/mL
leupeptin, 0.1 mg/mL aprotinine, and 0.5 mM phenylmethylsulfonyl fluoride). The tissue homogenates
were sonicated (3 × 10 s) and centrifuged at 12,000× g, 10 min. at 4 ◦C. Supernatants were removed and
used for determinations. TNFα, IL-1β, and IL-17 were measured by ELISA (R&D Systems, Minneapolis,
MN, USA) (range of detection of 32–2700 pg/mL, 25–2000 pg/mL and 10.9-700 pg/mL, respectively).
CXCL-1 was determined by ELISA (Promokine, Heidelberg, Germany) (8–1000 pg/mL). IL-2 and IL-10
were measured with Th1/Th2 Mouse Uncoated ELISA kit (Invitrogen, Thermofisher Scientific Inc.)
(2–200 pg/mL and 30-4000 pg/mL, respectively). The IL-6 levels were determined by IL-6 mouse ELISA
kit (Invitrogen, Thermofisher Scientific Inc.) (7.8–500 pg/mL). RANKL concentrations were assessed by
TRANCE mouse ELISA kit (Invitrogen, Thermofisher Scientific Inc.) (2.74–2000 pg/mL). MPO activity,
a neutrophil marker, was measured by a spectrophotometric method, as previously reported [55].

4.7. Serum Determinations

Blood was collected in heparinized tubes on day 40. After centrifugation at 12,000× g, serum was
separated. DKK-1, sclerostin, and osteocalcin were determined by Multiplex assay while using
the Merck-Millipore kit (assay range 15–60,000 pg/mL, 3–12,000 pg/mL and 146–600,000 pg/mL,
respectively) (Merck KGaA). IgG2a was measured by IgG2a mouse ELISA kit (Thermofisher Scientific
Inc.) (assay range 0.614–150 ng/mL).
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4.8. Lymph Node Cells Isolation, Proliferation Assay and Cytokine Determination

Inguinal, popliteal, brachial, and axillary lymph nodes were dissected, mechanically disaggregated,
and incubated in DMEM (Dulbecco’s Modified Eagle’s Medium) that was supplemented with
fetal bovine serum (FBS) (10%), streptomycin/penicillin (1%), collagenase (1.6 mg/mL), and DNAse
(200 μg/mL) (Merck KGaA) for 40 min. at 37 ◦C. After filtration with a 40 μm strainer, 1 mL of DMEM
was added and the suspension was centrifuged at 500× g, 4 ◦C, 10 min. Medium was removed and
the cells were resuspended in DMEM supplemented with FBS, streptomycin/penicillin and DNAse,
as previously indicated. Cells were incubated for 15 min. at 37 ◦C. Subsequently, 500 μL of DMEM
was added and the suspension was centrifuged. Medium was removed and cells were resuspended in
PBS for flow cytometry or in DMEM that was supplemented with FBS (10%), streptomycin/penicillin
(1%) for bromdeoxiuridine proliferation assay. Lymph node cells resuspended in DMEM were seeded
into 96-well plates at 2.5 × 10 5 cells/mL. At 24 h BrdU was added and the ELISA assay was performed
at 48 h while using the cell proliferation ELISA BrdU from Merck KGaA. IL-2, IL-4, and IFNγ were
measured by ELISA in the conditioned media of the cell proliferation assay with the Th1/Th2 Mouse
Uncoated ELISA kit (Invitrogen, Thermofisher Scientific Inc.), with detection limits of 2–200 pg/mL,
4–500 pg/mL, and 15–2000 pg/mL, respectively.

4.9. Flow Cytometry

Cells that were obtained from lymph nodes were labeled with antibodies:
antiCD3-Indo1(ref. 563565, lot 734861, clone 145-2C11), antiCD8-FITC (ref. 564422, lot 8037507,
clone 53-6.7), antiRORγt-Pacific blue (ref. 562894, lot 8151861, clone Q31-378), and antiFoxP3-APC and
antiCD4-PerCP-Cy5.5 (mouse Th17/Treg kit, ref. 51-9006647, lot 8067595) (BD Biosciences Europe,
Madrid, Spain). Flow cytometry assays were performed with BD LSRFORTESSA (BD Biosciences).
The software used was FACS DIVA 7.0 (BD Biosciences) and FlowJo v9 (BD Biosciences).

4.10. X-ray Analysis

Bone destruction in hind and front limbs was determined by X-ray analysis, which was carried out
by microPET-CT (Albira) (Bruker, Billerica, MA, USA). A color scale represented bone density,
where blue represents low density, yellow/green means middle density, and red high density.
For numeric analysis, three-dimensional (3D) areas called region of interest (ROI) were used. These areas
were exactly the same for all paws in 3 axis (X = 1.38 mm, Y = 2.94 mm, Z = 2.8 mm for hind limbs,
and X = 2 mm, Y = 2 mm, and Z = 1 mm for front limbs) adjusted from the beginning of calcaneus,
astragalus, and tarsus, until metatarsus for hind limbs and carpal bones for front limbs.

4.11. Statistical Analysis

Data are presented as mean ± S.D or S.E.M., with the number of individual values (n).
Unless otherwise stated, duplicated determinations were done. Differences between experimental
groups were tested by two-way ANOVA with Bonferroni post-test for the time course of arthritis
macroscopic score and one-way ANOVA with Tukey’s post-test for all other data. Statistical analyses
were performed with GraphPad PRISM 5.0 (GraphPad software, San Diego, CA, USA). A value of
p < 0.05 was considered to be significant.
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Abstract: In recent years, a significant increase in the consumption of products containing large
amounts of acrylamide (e.g., chips, fries, coffee), especially among young people has been noted.
The present study was created to establish the impact of acrylamide supplementation, in tolerable
daily intake (TDI) dose and a dose ten times higher than TDI, on the population of galanin-like
immunoreactive (GAL-LI) stomach neurons in pigs. Additionally, in the present study, the possible
functional co-operation of GAL with other neuroactive substances and their role in acrylamide
intoxication was investigated. Using double-labelling immunohistochemistry, alterations in the
expression of GAL were examined in the porcine stomach enteric neurons after low and high doses of
acrylamide supplementation. Generally, upregulation in GAL-LI immunoreactivity in both myenteric
and submucous plexuses was noted in all stomach fragments studied. Additionally, the proportion
of GAL-expressing cell bodies simultaneously immunoreactive to vasoactive intestinal peptide (VIP),
neuronal nitric oxide synthase (nNOS) and cocaine- and amphetamine- regulated transcript peptide
(CART) also increased. The results suggest neurotrophic or/and neuroprotective properties of GAL
and possible co-operation of GAL with VIP, nNOS, CART in the recovery processes in the stomach
enteric nervous system (ENS) neurons following acrylamide intoxication.

Keywords: acrylamide; enteric nervous system; galanin; pig; stomach

1. Introduction

Galanin (GAL) is a 29 (or 30 in humans) amino acid peptide which has widespread distribution
in the central and peripheral nervous systems, as well as in peripheral tissues of numerous species,
including humans [1–4]. The occurrence of GAL was observed in both nerve cell bodies and nerve
fibres located in different fragments of the gastrointestinal (GI) tracts of many species [2,5–7]. To date,
three G-protein-coupled receptors known as galanin receptors 1, 2 and 3 (GAL-R1, GAL-R2 and
GAL-R3) have been described in studies which examined tissues and organs [3]. GAL participates in
many physiological functions in the GI tract, such as regulation of motility, hydrochloric acid secretion,
exocrine function of the pancreas and intestinal absorption [1]. GAL may act in both an inhibitory or an
excitatory role depending on the fragment of GI tract, the species and the experimental conditions [8].
Moreover, previous studies have indicated that GAL as a neuroprotective factor mediates survival or
regeneration after neural injury and exerts anti-inflammatory activities [9,10]. Indeed, upregulation of
GAL expression in neural structures of the GI tract was demonstrated during experimentally-induced
and naturally occurring intestinal inflammation [2,11]. An enhanced percentage of GAL-like (GAL-LI)
immunoreactive enteric nervous system (ENS) neurons was also observed in injuries of the digestive
tract as well as in toxaemia [2,12].
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One of the toxins occurring in food products is acrylamide (ACM). Acrylamide is formed at
high temperature in a process known as the Maillard reaction. A high content of acrylamide has
been found in many food products, such as biscuits, chips, coffee and cornflakes [13]. The literature
in the field contains many papers dealing with the influence of acrylamide on living organisms.
Namely, acrylamide-induced axonal damage and impaired retrograde transport resulting in symptoms
of neuropathy were noted in both the central and peripheral nervous systems. [14]. Furthermore,
acrylamide contributes to the creation of oxidative stress condition [15]. It is assumed that oxidative
stress and an insufficient amount of antioxidants are responsible for the gastric mucosal damage [16].
The GI tract, the principal place of absorption of acrylamide, is thus directly exposed to the irritant
effects of acrylamide, as well as systemic toxicity of its metabolite glycidamide [17]. According to the
World Health Organization (WHO) data, the daily intake of acrylamide contained in food products
ranges between 0.3 to 0.8 μg/kg of body weight [18]. It should be emphasized that the choice of the pig
as a model animal, as well as young animals in the present experiment, was not accidental. The pig
is an omnivorous animal, and the structure of the gastrointestinal tract and physiological processes
occurring in it are similar to humans, which makes them a good animal model in biomedical research,
especially concerning GI pathology [19,20]. In turn, products with a high content of acrylamide (like
chips) are very popular, especially among young consumers, which makes them particularly vulnerable
to their toxic effects.

On the other hand, it is known that both extrinsic (sympathetic, parasympathetic and sensory)
as well as intrinsic (localized in the GI wall and forming the enteric nervous system (ENS)) neurons
participate in the neural regulation of the digestive tract function. Based on autonomy, the huge
number of neurons that create enteric plexuses, as well as numerous neurotransmitters synthesized
and released by neurons, the ENS has been called the intestinal brain [21]. Moreover, the ENS is one
of the first barriers of the organism against toxins in food. The ENS anatomy mainly depends on
the animal species, as well as the part of the GI tract. In pigs and other large animals, in contrast to
rodents, in the oesophagus and stomach, the ENS is arranged into two plexuses: The myenteric plexus
(MP) and the submucous plexus (SP). While in the intestines, the SP is divided into two submucosal
plexuses: The outer submucous plexus (OSP) and inner submucous plexus (ISP) [12,20]. Additionally,
the ENS neurons show many adaptive changes, both functional and morphological, in response to
inflammatory factors, injuries or toxins referred to as neural plasticity. One of them is alteration in
the immunohistochemical phenotype of ENS neurons expressed as up- or down-regulation in the
expression of neuroactive substances [2]. Although changes in the neurochemical profile of ENS
neurons have been reported in many diseases and gastrointestinal toxicities, there is no data on the
response of ENS neurons to acrylamide supplementation, particularly GAL-expression in stomach
ENS neurons subjected to acrylamide toxicity. The present study was created to establish the impact of
acrylamide supplementation, in tolerable daily intake (TDI) doses and a dose ten times higher than
TDI, on the population of GAL-LI stomach neurons in pigs. Additionally, the possible functional
co-operation of GAL with other neuroactive substances known from their neuroprotective features
(VIP, nNOS, CART) and their role in acrylamide intoxication, was also investigated in the present study.

2. Results

During the present experiment, neurons displaying immunoreactivity to GAL were observed in
each part of the stomach in animals from the control and experimental groups. The occurrence of GAL-LI
cell bodies was detected in both the myenteric plexus (MP) and submucous plexus (SP) in all studied
stomach fragments (Table 1, Figures 1 and 2). The most numerous populations of GAL-LI neurons with
reference to all cells immunoreactive to protein gene product 9.5 (PGP 9.5) was found in the MP of the
pylorus and cardia (25.14 ± 1.15% and 24.67 ± 0.67%, respectively) (Figure 1A,G). A slightly smaller
number of GAL-positive cell bodies was noted in the corpus (19.71 ± 0.70%) (Figure 1D). In turn, in the
SP, the largest group of GAL-LI nerve cells was found in the corpus (40.92 ± 0.84%), slightly smaller in
the cardia (37.36 ± 0.71%), and the smallest was in the pylorus (36.87 ± 1.11%) (Figure 2A,D,G).
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Table 1. GAL-LI immunoreactive neurons in various parts of the porcine stomach under
physiological conditions (C group) and after low dose (LD group) or high dose (HD group) of
acrylamide administration.

Part of
the

Stomach
Cardia Corpus Pylorus

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

MP 24.67 ±
0.67

29.89 ±
1.08 (**)

35.35 ±
0.64 (***)

19.71 ±
0.70

27.81 ±
1.23 (***)

33.55 ±
0.92 (***)

25.14 ±
1.15

33.59 ±
1.17 (***)

37.14 ±
0.43 (***)

SP 37.36 ±
0.71

40.43 ±
0.70 (**)

46.92 ±
0.42 (***)

40.92 ±
0.84

51.38 ±
1.28 (***)

58.53 ±
1.63 (***)

36.87 ±
1.11

40.37 ±
0.66 (*)

45.42 ±
0.58 (***)

MP- myenteric plexus, SP- submucous plexus. Significant differences were assessed with one-way analysis of
variance (ANOVA) with Dunnett’s test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 1. GAL-LI neurons in myenteric plexuses in the porcine stomach. The ENS neurons
immunoreactive to protein gene-product 9.5 (PGP9.5)—used as a pan-neuronal marker and galanin
(GAL) in myenteric plexuses in the porcine stomach under physiological condition (A,D,G), after low
(B,E,H) and high doses (C,F,I) of acrylamide supplementation. Photographs A–C showing myenteric
plexuses in the cardia, D–F—myenteric plexuses in the corpus and G–I—myenteric plexuses in the
pylorus. All photographs have been created by digital superimposition of two colour channels (green
for PGP 9.5 and red for GAL). Neurons immunoreactive to GAL are indicated with arrows.
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Figure 2. GAL-LI neurons in submucous plexuses in the porcine stomach. The ENS neurons
immunoreactive to protein gene-product 9.5 (PGP9.5)—used as a pan-neuronal marker and galanin
(GAL) in submucous plexuses in the porcine stomach under physiological condition (A,D,G), after low
(B,E,H) and high doses (C,F,I) of acrylamide supplementation. Photographs A–C showing submucous
plexuses in the cardia, D–F— submucous plexuses in the corpus and G–I— submucous plexuses in the
pylorus. All photographs have been created by digital superimposition of two colour channels (green
for PGP 9.5 and red for GAL). Neurons immunoreactive to GAL are indicated with arrows.

The supplementation of low and high doses of acrylamide affected the number of GAL-LI
neurons in both the MP and SP in all studied fragments of the stomach (Table 1). The character
of the observed changes depended on the type of enteric plexus and the segment of the stomach
investigated. In particular, the most remarkable changes in the number of GAL-LI neurons, relative
to control animals, was observed in the MP of the corpus in both experimental groups (an increase
approximately 8 percentage points (pp) in the low dose (LD) and 14 pp in the high dose (HD) group,
respectively) (Figure 1E,F). Similarly, in the SP of corpus, an increase in the expression of GAL was
the most significant (approximately 11pp in the LD group and 18 pp in the HD group) (Figure 2E,F).
A slightly smaller alteration was noted in the MP of the cardia (an increase of approximately 5 pp
in the LD group and approximately 11 pp in the HD group) (Figure 1B,C) and pylorus (elevated
approximately 8 pp in the LD group and 12 pp in the HD group) (Figure 1H,I). Comparable changes
were observed in the gastric SP, where the increase in GAL-LI cell bodies was statistically significant (in
the cardia, approximately 3 pp in LD group and 9 pp in the HD group; in the pylorus, approximately 4
in the LD group and 9 in the HD group, respectively) (Figure 2B,C,H,I).

In the present study, co-localization of GAL with other neuroactive substances studied (VIP, nNOS
and CART) was noted within both stomach plexuses in animals under physiological conditions, as well
as after low and high doses of acrylamide supplementation. The double-labelling immunofluorescence
revealed extensive co-expression of GAL with VIP in the stomach ENS neurons (Table 2). Approximately

250



Int. J. Mol. Sci. 2019, 20, 3345

half of the GAL-LI cell bodies in the MP were simultaneously immunoreactive to VIP (46.79 ± 2.18% in
the cardia (Figure 3A), 43.20 ± 1.33% in the corpus and 47.53 ± 0.67% in the pylorus). Additionally,
numerous MP neurons immunoreactive to GAL also showed the presence of nNOS (33.37± 0.79% in the
cardia, 47.77 ± 1.22% in the corpus and 32.98 ± 0.51% in the pylorus (Figure 3D)) (Table 3). The degree
of co-localization of GAL with CART in MP neurons was also high and amounted to 51.68 ± 0.85%
in the cardia, 32.25 ± 1.12% in the corpus and 46.29 ± 1.30 in the pylorus (Figure 1G), respectively
(Table 4). In turn, in SP neurons, the highest degree of co-localization with GAL was exhibited by
CART (51.34 ± 1.02% in the cardia (Figure 4G), 32.41 ± 1.36% in the corpus and 51.30 ± 1.16% in the
pylorus) (Table 4). A slightly smaller number of GAL-LI perikarya was simultaneously VIP-positive
(48.20 ± 0.89% in the cardia, 39.32 ± 0.69% in the corpus (Figure 4A) and 48.36 ± 1.37% in the pylorus)
(Table 2). Moreover, GAL-LI neurons in the SP were also immunoreactive to nNOS in all studied
stomach fragments (in the cardia 35.17 ± 0.62% (Figure 4D); in the corpus 46.16 ± 1.15; in the pylorus
37.62 ± 1.51%) (Table 3).

Table 2. Co-localization of GAL with vasoactive intestinal polypeptide (VIP) in the enteric neurons in
various parts of the porcine stomach under physiological conditions (C group) and after low dose (LD
group) or high dose (HD group) of acrylamide administration.

GAL/VIP

Part of
the

Stomach
Cardia Corpus Pylorus

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

MP 46.79 ±
2.18

50.28 ±
1.55

60.67 ±
2.34 (***)

43.20 ±
1.33

45.17 ±
0.73

51.49 ±
0.89 (***)

47.53 ±
0.67

50.57 ±
0.79

58.63±
1.72 (***)

SP 48.20 ±
0.89

52.51 ±
1.81

60.19 ±
2.06 (***)

39.32 ±
0.69

42.34 ±
0.78 (*)

49.27 ±
0.86 (***)

48.36 ±
1.37

51.48 ±
1.24

59.95 ±
1.16 (***)

MP- myenteric plexus, SP- submucous plexus. Significant differences were assessed with one-way analysis of
variance (ANOVA) with Dunnett’s test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Table 3. Co-localization of GAL with nitric oxide synthase (nNOS) in the enteric neurons in various
parts of the porcine stomach under physiological conditions (C group) and after low dose (LD group)
or high dose (HD group) of acrylamide administration.

GAL/nNOS

Part of
the

Stomach
Cardia Corpus Pylorus

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

MP 33.37 ±
0.79

39.28 ±
1.30 (**)

46.77 ±
1.20 (***)

47.77 ±
1.22

51.76 ±
1.46

56.81 ±
1.06 (***)

32.98 ±
0.51

39.50 ±
1.15 (**)

46.77 ±
1.38 (***)

SP 35.17 ±
0.62

39.92 ±
1.40 (*)

46.76 ±
0.86 (***)

46.16 ±
1.152

50.55 ±
1.23 (*)

57.23 ±
0.84 (***)

37.62 ±
1.51

42.32 ±
1.01 (*)

48.03 ±
1.14 (***)

MP- myenteric plexus, SP- submucous plexus. Significant differences were assessed with one-way analysis of
variance (ANOVA) with Dunnett’s test (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Table 4. Co-localization of GAL with cocaine- and amphetamine-regulated transcript (CART) in the
enteric neurons in various parts of the porcine stomach under physiological conditions (C group) and
after low dose (LD group) or high dose (HD group) of acrylamide administration.

GAL/CART

Part of
the

Stomach
Cardia Corpus Pylorus

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

C
Group

LD
Group

HD
Group

MP 51.68 ±
0.85

54.29 ±
1.52

66.74 ±
0.48 (***)

32.25 ±
1.12

36.39 ±
1.55

40.95 ±
0.76 (***)

46.29 ±
1.30

54.60 ±
0.51
(***)

56.81±
1.65 (***)

SP 51.34 ±
1.02

59.06 ±
1.69 (**)

63.62 ±
0.97 (***)

32.41 ±
1.36

34.98 ±
0.67

40.59 ±
1.46 (***)

51.30 ±
1.16

51.79 ±
1.24

54.97 ±
1.23

MP- myenteric plexus, SP- submucous plexus. Significant differences were assessed with one-way analysis of
variance (ANOVA) with Dunnett’s test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Figure 3. Co-localization of GAL with VIP, nNOS and CART in myenteric plexuses in the porcine
stomach. The most representative images showing changes in the degree of co-localization of GAL with
VIP in the myenteric plexuses of the cardia (A,B,C); GAL with nNOS in the myenteric plexuses of the
pylorus (D,E,F); GAL with CART in the myenteric plexuses of the pylorus (G,H,I). Photographs A, D,
G showing myenteric plexuses in the physiological conditions; B, E, H—after low and C, F, I after high
doses of acrylamide administration. All photographs have been created by digital superimposition
of two color channels (green for GAL and red for VIP, nNOS and CART respectively). Neurons
immunoreactive to GAL and VIP or nNOS or CART are indicated with arrows.

252



Int. J. Mol. Sci. 2019, 20, 3345

Figure 4. Co-localization of GAL with VIP, nNOS and CART in submucous plexuses in the porcine
stomach. The most representative images showing changes in the degree of co-localization of GAL with
VIP in the submucous plexuses of the corpus (A,B,C); GAL with nNOS in the submucous plexuses of
the cardia (D,E,F); GAL with CART in the submucous plexuses of the cardia (G,H,I). Photographs A, D,
G showing submucous plexuses in the physiological conditions; B, E, H—after low and C, F, I after high
doses of acrylamide administration. All photographs have been created by digital superimposition
of two color channels (green for GAL and red for VIP, nNOS and CART respectively). Neurons
immunoreactive to GAL and VIP or nNOS or CART are indicated with arrows.

Acrylamide administration changed the number of GAL-LI enteric neurons simultaneously,
immunoreactive to VIP, nNOS and CART in all stomach fragments studied (Tables 2–4). Both low and
high doses of acrylamide substantially increased the number of SP neurons being simultaneously VIP-
and GAL-positive in the stomach corpus (about 3 pp in the LD group and 10 pp in the HD group)
(Figure 4B,C). However, in SP of the cardia and pylorus, significantly important alterations in VIP
immunoreactivity in GAL-LI neurons were noted only in the HD group (about 12 pp in both stomach
parts). In turn, in the MP, elevated numbers of GAL+/VIP+ perikarya were observed only in the HD
group in all studied stomach fragments (about 14 pp in the cardia (Figure 3C), 8 pp in the corpus and
11 pp in the pylorus, respectively). In turn, nNOS-immunoreactivity in GAL-LI neurons increased the
most in the pylorus and cardia where statistically relevant changes were noted in both experimental
groups and stomach plexuses. In MP of the pylorus, an increase of approximately 7 pp in the LD
group and 14 pp in the HD group were observed (Figure 3E,F), whereas in the cardia approximately
6 pp in the LD group and 13 pp in the HD group, respectively. In SP, in the cardia, the number of
GAL+/nNOS+ neurons were elevated approximately 5 pp in the LD group and 12 pp in the HD group
(Figure 4E,F), while in the pylorus the elevation was approximately 6 pp in the LD group and 10 pp
in the HD group. On the other hand, in the corpus, significant changes in nNOS expression were
observed in MP only in the HD group (an increase of approximately 9 pp). In turn, in the SP, similar
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to other parts of stomach in both LD and HD groups, the population of GAL+/nNOS+ neurons was
elevated (about 4 and 11 pp, respectively). Furthermore, the expression level of CART in GAL-LI
neurons was also significantly elevated. However, the character of observed changes depended on the
part of the stomach as well as the kind of ENS plexus under investigation. In the MP of the cardia
and corpus, only in the HD group was the increase statistically significant (approximately 15 pp in
the cardia and 9 pp in the corpus), whereas changes were noticeable in the pylorus in both LD and
HD group (approximately 8 pp and 10 pp, respectively) (Figure 3H,I). For SP, the most remarkable
changes were noted in the cardia (an increase of approximately 8 pp in the LD group and 12 pp in the
HD group) (Figure 4H,I). In the corpus, alterations in GAL+/CART+ neurons were observed only in
the HD group (an increase of approximately 2 pp), although the changes observed in the pylorus were
not statistically significant.

3. Discussion

During the present investigation, GAL- like immunoreactive neurons have been noted in both
types of enteric plexuses within all stomach fragments studied. Previous studies have shown that GAL
is distributed throughout the ENS of several species, including humans [2,8,11,12,22]. The occurrence
of this peptide in enteric nervous structures (both neuronal cell and nerve fibers) as well as extrinsic
neurons supplying the stomach was also confirmed [22–25]. The number of ENS neurons showing
GAL-immunoreactivity clearly depends on the animal species and the part of the GI tract studied.
Recent studies on the porcine stomach, confirmed by the results of the present experiment, have
showed that GAL-positive neurons were present in a significant number of neurons in both the
myenteric (MP) and submucous plexus (SP), with a slight predominance of SP [22,23]. It is well known
that myenteric plexus mainly regulates the motility of the GI tract, whereas submucous plexus is
responsible for the regulation of the secretion and conduction of pain reactions in the GI tract [26,27].
The above-mentioned distribution of GAL is well in line with its physiological function. In particular,
GAL inhibits gastric acid and the pancreatic peptide secretions, modulates the motility of the GI tract
and influences the release of other neurotransmitters [28,29]. However, the effect of its action clearly
depends on both the animal species and the part of the GI tract. The inhibition of the motility in guinea
pig ileum, canine pylorus and human intestines was reported [30–32]. In contrast, the opposite action
was observed in mouse distal colon, rat stomach, as well as in the porcine and rabbit ileum [1,33,34].

Furthermore, in physiological conditions GAL-IR neurons in the ENS simultaneously showed
immunoreactivity to other neurotransmitters and/or neuromodulators [35,36]. It is well known that
neuroactive substances secreted in the same neurons may play similar or complementary roles [12,35].
During the present investigation, the co-localization of GAL with VIP, nNOS and CART was observed
in both the SP and MP of the porcine stomach. VIP is known as a neuronal inhibitory factor within the
digestive tract. It is involved in relaxation of smooth muscles, inhibits motor activity of the stomach
and secretion of gastric juices but also stimulates mucus secretion, calcium ions and intestinal juice
secretion [37,38]. The next substance was nNOS, an indicator of nitric oxide (NO). In the GI tract,
NO inhibits smooth muscle contractility, regulates mesenteric and intestinal blood flow and participates
in gut mucosal protection [39]. In turn, the physiological role of CART in the GI tract is not fully
recognized. Ekblad et al. [40] suggested that CART is engaged in reducing gastric emptying, induction
of stomach secretion and colonic motility. The co-localization of GAL with VIP, nNOS and CART
observed in the present investigation, suggests the possible interaction of these substances in the
regulation of physiological processes in the porcine stomach.

The present experiment, for the first time, has shown alterations in GAL-like immunoreactivity
in the ENS neurons within the porcine stomach in response to acrylamide administration.
The supplementation of TDI and ten times higher doses of acrylamide induced an increase in
the number of GAL-positive neurons in both intramural plexuses (MP and SP) in all parts of the
stomach under investigation. This is consistent with previous reports in which upregulated GAL-
expression in the ENS structures was described in many pathological conditions within the GI tract,
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including inflammatory processes, tumors, neuronal damage and intoxication [2,12,22,41]. It is also in
accordance with the neuronal plasticity phenomenon found in ENS neurons, defined as the ability to
modify the chemical code of neurons by altering neuropeptide expression in response to changing
environmental conditions, injures or other disorders [2,42].

A possible explanation of the changes observed in the present study may be the neurotoxic
effects of acrylamide on the stomach ENS neurons. The results of experimental studies confirmed that
acrylamide causes cell damage in the nervous and reproductive systems and leads to the occurrence
of some types of cancer [43]. Particularly important, however, is its neurotoxic effects, which was
examined, not only in experimental animals, but also in humans [43,44]. Until now, it has been
shown that acrylamide causes swelling of distal axons leading to degeneration and, consequently,
to the occurrence of peripheral neuropathy [45]. Further, acrylamide induces a neurotoxic effect by
binding to cysteine-rich receptor proteins, causing nerve conduction disorders and disturbances
in nerve function [43]. Although the influence of ACM on the peripheral nervous system is well
known, knowledge of their impact on the ENS neurons is rather fragmentary. In particular, only our
previous data have shown that even a low dose of acrylamide may induce changes in the number
of enteric neurons positive to CART as well as VIP-, calcitonin gene-related peptide- and substance
P–immunoreactive neuronal structures in various parts of the porcine GI tract [46,47]. It is suspected
that the mechanism of neurotoxic action described in the peripheral nervous system is also similar in the
case of ENS. However, this hypothesis needs to be confirmed by more detailed research. Nevertheless,
the fluctuations in the number of GAL-LI neurons observed in this experiment are strongly supported
by the fact that GAL is known to be an important neuroprotective factor. The association of elevated
galanin expression with trophic and regenerative processes after peripheral nerve injury was described
in both central and peripheral nervous systems [48]. Moreover, previous investigations have shown an
increase in the number of GAL-LI structures in all intramural plexuses of the porcine descending colon
under axotomy [2]. In view of the above-mentioned data, it may be speculated with a high probability
that an increase in the number of GAL-LI neurons is associated with adaptive and neuroprotective
changes of the enteric neurons in response to the neurotoxic effect of acrylamide. However, it is also
possible that acrylamide led to damage of ENS neurons suggesting that cells lacking GAL are more
vulnerable to acrylamide. In the literature, there is a lack of data describing the influence of acrylamide
consumed in food products on the survival of the ENS neurons. However, an in vitro study on the
cultured rats myenteric neurons did not cause death of neuronal cells but led to a decrease in number
of axons [49]. It is therefore more likely that the increase in the number of GAL-LI neurons observed in
the present study is the result of up-regulated synthesis of GAL in ENS neurons.

On the other hand, it is also very likely that the observed changes result from the pro-inflammatory
properties of acrylamide. Chronic exposure to acrylamide in humans leads to fluctuations in the level
of proinflammatory cytokines and enhanced levels of plasma C-reactive protein (CRP) [15]. Similarly,
the inducible-form of nitric oxide synthase (iNOS) in the blood serum of albino mice was noted during
acrylamide intoxication [50]. This corresponds well with the fact that GAL is commonly known to take
part in the regulation of inflammatory processes. Accordingly, an increase in galanin expression has
been noted in numerous animal models of inflammation, such as chemically-induced colitis [2] and
enteric Salmonella infection [51]. Moreover, GAL modulates inflammatory responses by its effect on
the secretion of cytokines, such as TNF-α, IL-1α and IL-8 [52]. Although the participation of GAL in
inflammatory processes in the GI tract is unquestionable, further studies are necessary to confirm that
changes observed in the course of acrylamide intoxication are associated with inflammation.

Furthermore, the present investigation, for the first time, demonstrated changes in the
co-localization of GAL with other neuroactive substances in the stomach ENS neurons following
acrylamide intoxication. The results showed that the proportion of GAL-expressing nerve cell bodies
simultaneously immunoreactive to VIP, nNOS and CART increased. The changes were the most
remarkable in the HD group. The present findings closely correlated with recent investigations in which
neuroprotective properties of VIP, nNOS and CART in the ENS were demonstrated [35,40,46]. VIP is

255



Int. J. Mol. Sci. 2019, 20, 3345

engaged in the regulation of inflammatory conditions, which closely interacts with the immune system,
inhibits macrophage activity, supports Th2 cells and decreases T cell migration through intestinal
Peyer’s patches [53]. As an effect of its action, an elevated level of anti-inflammatory cytokines
(mainly IL-10) and reduced synthesis of pro-inflammatory factors (such as TNF α, IL-6 and IL-12)
were noted [54]. Moreover, VIP promotes the survival of cultured porcine myenteric neurons [55].
Similarly, nNOS leads to an increase in the survival rate of cultured neurons from adult rat colonic
submucous ganglia [56]. An increased nNOS expression has also been reported in the ENS structures
during extrinsic denervation [57] as well as in inflammatory bowel disease [58]. This confirms the
important role of nNOS in neuronal plasticity. Additionally, the role of CART in neuroprotection
was also discussed by many authors. In some studies, upregulated CART expression in the ENS
structures were reported during hypertension, inflammatory conditions or intoxication [12,47,59,60].
The neurotrophic effect of CART was also demonstrated in the CNS [40]. The results of the present
experiment, together with the above-mentioned data, point towards a neuroprotective role of CART.
In view of the foregoing, it is very likely that changes in GAL-positive neurons reflect neuroprotective
and recovery processes in the stomach ENS neurons following acrylamide intoxication. However, the
mechanisms of these changes are unknown and further study is needed to clarify this issue.

4. Material and Methods

4.1. Animals and Experimental Procedures

The experimental procedure, including animal euthanasia, was approved by the Local Committee
for Animal Experiments in Olsztyn (Approval No.: 11/2017). All possible efforts were made to minimize
animal suffering. The experiment was conducted on 15 sexually immature female pigs of the Danish
Landrace, approximately 8 weeks old and approximately 20 kg of body weight (b.w.). The gilts were
kept under regular lighting conditions in a temperature-controlled environment. They were fed by
commercial grain mixture and tap water ad libitum. After a period of acclimatization, the animals
were randomly assigned into three groups: Control (C group), which were given empty gelatine
capsules; a low dose group (LD group), animals given capsules with a tolerable daily intake (TDI)
dose of acrylamide (0.5 μg/kg b.w./day); and a high dose group (HD group), animals given capsules
with acrylamide in a dose ten times higher than TDI (5 μg/kg b.w./day). The capsules in all groups
of animals were administered per os, once daily before the morning feed for 28 days. In order to
determine the exact dose of acrylamide per animal, on the first day of the experiment, all animals were
weighed, and then weighed once a week. After a period of supplementation, all gilts were treated
with azaperone (Stresnil, Jansen Pharmaceutica N.V., Belgium, 4 mg/kg of body weight, i.m.) and after
15 min euthanized using a lethal dose of sodium pentobarbital (Morbital, Biowet Puławy, Puławy,
Poland; 0.6 mL/kg of body weight, i.v.). Then, fragments of the stomach, the cardia, corpus and pylorus,
were collected for further analysis. The tissues were fixed in 4% buffered paraformaldehyde (pH 7.4)
for 1 h, rinsed in phosphate buffer (0.1 M, pH 7.4, at 4 ◦C) for 3 days with the exchange of the buffer
every day, and then inserted into 18% phosphate buffered sucrose (at 4 ◦C) for 2 weeks. The frozen
samples were cut using a Microm HM 560 cryostat (Carl Zeiss, Oberkochen, Germany) into 14 μm-thick
sections and mounted on gelatine-coated slides.

4.2. Immunofluorescence Procedure

The frozen sections were then subjected to routine double-labelling immunofluorescence (as
described previously by Palus et al. [61]). The sections were briefly air-dried at room temperature
for 45 min and rinsed in 0.1 M phosphate-buffered saline (PBS, pH 7.4; 3 × 10 min). Subsequently,
they were incubated with buffered blocking mixture (containing 10% horse serum and 0.1% bovine
serum albumin in 0.1 M PBS, 1% Triton X-100, 0.05% Thimerosal and 0.01% sodium azide) for an
hour in a humid chamber at room temperature. After rinsing in PBS (3 × 10 min), the samples were
incubated overnight with a combination of antisera directed towards protein gene-product 9.5 (PGP 9.5;
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mouse, cat. No. 7863-2004, Bio-Rad, Hercules, CA, USA, working dilution 1:1000, used here as a
pan neuronal marker) and galanin (GAL, rabbit, cat. No. RIN7153, Peninsula, San Carlos, CA, USA,
working dilution 1:3000), as well as GAL (guinea pig, cat. No. T-5036, Peninsula, San Carlos, CA,
USA, working dilution 1:2000) and vasoactive intestinal peptide (VIP, rabbit, cat. No. 11428, Cappel,
Aurora, OH, USA, working dilution 1:3000), cocaine- and amphetamine-regulated transcript peptide
(CART, rabbit, cat. No. H-003-61, Phoenix Pharmaceuticals, Burlingame, CA, USA, working dilution
1:8000), neuronal nitric oxide synthase (nNOS, rabbit, cat. No. AB5380, Sigma-Aldrich, Saint Louis,
MO, USA, working dilution 1:2000). On the next day, following subsequent rinsing in PBS (3 × 10 min),
the sections were incubated with species-specific secondary antibodies (appropriate products: Alexa
Fluor 488 (donkey anti-mouse IgG, cat. No. A21202, Invitrogen, Carlsbad, California, USA, working
dilution 1:1000), Alexa Fluor 488 (donkey anti-guinea pig IgG, cat. No. A11073, Invitrogen, Carlsbad,
California, USA, working dilution 1:1000) and Alexa Fluor 546 (goat anti-rabbit IgG, cat. No. A11010,
Invitrogen, Carlsbad, California, USA, working dilution 1:1000) for 1 h at room temperature. Next, the
washed sections (PBS, 3 × 10 min) were cover-slipped in carbonate-buffered glycerol (pH 8.6).

4.3. Negative Control

The standard controls, i.e., pre-absorption for the neuropeptide antisera with appropriate antigen:
PGP 9.5 (AbD Serotec, Kidlington, UK), GAL (026-06, Phoenix Pharmaceutical), nNOS (N3033, Sigma,
St Louis, MO, USA), VIP (064-24, Phoenix Pharmaceutical), and CART (Phoenix Pharmaceuticals,
Burlingame, CA, USA) at a concentration of 20 μg/mL for 18 h at 37 ◦C and the omission, as well as the
replacement of all primary antisera by non-immune sera, were performed to test immunohistochemical
labelling. The above-mentioned controls completely eliminated labelling in the tissue.

4.4. Counting and Statistics

The stained preparations were then analyzed using an Olympus BX51 epi-fluorescence microscope
and photographed with a digital camera connected to a PC and then processed with Olympus Cell
F image-analysis software (Olympus, Tokyo, Japan). The number of the GAL-like immunoreactive
(LI) enteric neurons was expressed as a percentage of the total number of PGP 9.5 positive perikarya.
At least 500 PGP 9.5 labelled cell bodies in sections, at least 200 μm away from each other, were
counted per animal in both the myenteric (MP) and submucosal plexus (SP) within each part of the
stomach (cardia, corpus and pylorus). In order to determine the co-localization of GAL with other
neuroactive substances (VIP, nNOS and CART), at least 100 GAL-positive cell bodies were investigated
for immunoreactivity to particular neuronal factors. In these studies, GAL-positive neurons were
considered as representing 100%. Only cells with well-visible nucleus were considered, pooled and
expressed as a mean ± standard error of mean (SEM). The results from each group were analyzed
statistically with Statistica 12 (StatSoft Inc., Tulsa, OK, USA). The significant differences were assessed
with one-way analysis of variance (ANOVA) with Dunnett’s test (* p < 0.05, ** p < 0.01, *** p < 0.001).

5. Conclusions

In summary, the present experiment revealed that supplementation of acrylamide triggers
a reaction of the porcine stomach ENS neurons, expressed as an increased number of GAL-like
immunoreactive neurons. Simultaneously, an increase in the expression of VIP, nNOS and CART
in GAL-LI neurons was also observed. The observed alterations may be associated with adaptive
and neuroprotective changes of the enteric neurons in response to the neurotoxic effect of acrylamide
or may result from the inflammatory conditions that may accompany acrylamide supplementation.
This suggests neurotrophic or/and neuroprotective properties of GAL and possible co-operation of
GAL with VIP, nNOS, CART in the recovery processes within the ENS. Furthermore, the marked
changes observed with exposure even to a low dose (TDI) of acrylamide raise doubts about the safe
dose of acrylamide for consumers. In view of the growing demand for products containing large
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amounts of acrylamide, especially among children, the present study may be the starting point for
further toxicological, pharmacological and clinical studies to ensure consumer safety.
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Abstract: Prostate cancer (PCa) is the most common malignancy in men and is the leading cause of
cancer-related male mortality. A disulfide cyclic peptide ligand [CTVRTSADC] 1 has been previously
found to target extra domain B of fibronectin (EDB-FN) in the extracellular matrix that can differentiate
aggressive PCa from benign prostatic hyperplasia. We synthesized and optimized the stability of
ligand 1 by amide cyclization to obtain [KTVRTSADE] 8 using Fmoc/tBu solid-phase chemistry.
Optimized targeting ligand 8 was found to be stable in phosphate buffered saline (PBS, pH 6.5,
7.0, and 7.5) and under redox conditions, with a half-life longer than 8 h. Confocal microscopy
studies demonstrated increased binding of ligand 8 to EDB-FN compared to ligand 1. Therefore, we
hypothesized that the EDB-FN targeted peptides (1 and 8) conjugated with an anticancer drug via a
hydrolyzable linker would provide selective cytotoxicity to the cancer cells. To test our hypothesis,
we selected both the normal prostate cell line, RWPE-1, and the cancerous prostate cell lines, PC3,
DU-145, LNCaP, and C4-2, to evaluate the anticancer activity of synthesized peptide–drug conjugates.
Docetaxel (Doce) and doxorubicin (Dox) were used as anticancer drugs. Dox conjugate 13 containing
disulfide linkage showed comparable cytotoxicity versus Dox after 72 h incubation in all the cancer
cell lines, whereas it was found to be less cytotoxic on RWPE-1, suggesting that it can act as a
Dox prodrug. Doce conjugate 14 was found to be less cytotoxic in all the cell lines as compared to
drug alone.

Keywords: antiproliferative assay; conjugation; docetaxel; doxorubicin; extra domain B; fibronectin;
Fmoc/tBu; peptide–drug conjugate; prostate cancer; solid-phase synthesis; targeting

1. Introduction

Prostate cancer (PCa) is the most common form of cancer in males and the second leading cause
of death after lung cancer in the United States. According to the American Cancer Society, it is also the
first leading cause of cancer mortality in males aged 65 and older in the United States [1]. There are
several treatment options for prostate cancer patients, which depend on the clinical risk assessment at
the time of diagnosis, including tumor stage and grade, but also patient age and health. High-risk local
disease is routinely addressed by local treatment with curative intent, such as radical prostatectomy
followed by adjuvant radiation or androgen ablation therapy. Unfortunately, a fraction of patients
(~20%) will progress to more aggressive disease, manifested by a metastatic spread of primary tumor
cells, which in the United States results in a mortality rate of ~30,000 individuals per year [2]. Recurrent
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systemic disease, including metastatic castration resistance prostate cancer (mCRPC) after androgen
ablation therapy, is typically treated with chemotherapy, most notably with docetaxel (Doce) and
cabazitaxel [3,4]. The anthracycline doxorubicin (Dox) as a main chemotherapeutic drug for prostate
cancer remains in the exploratory setting, while its synthetic chemical modifications, such as the
anthracenedione (mitoxantrone) is in clinical use [5]. Regardless of the chemotherapeutic drug in
use, whether in single or in combinatorial regimens, the major problem of off-target effects leads to
substantial morbidity due to side effects. This has led to multiple lines of research into targeting
strategies, including the use of liposomes and nanoparticles [6,7]. We have previously reported the
synthesis of cell-penetrating peptide–drug conjugates for the delivery of anticancer drugs [8]. Targeted
therapy could deliver the cytotoxic or therapeutic molecules to cancer cells, thereby minimizing
exposure to normal cells. This promises to reduce the side effects associated with drug-based systemic
therapies [9]. The use of tumor-specific or homing peptides as an example of targeted delivery in
cancer was shown by Ruoslahti et al. [10]. A heightened efficiency of the delivery of a cytotoxic agent
may also counteract the efflux of drugs due to multidrug resistance pumps. Hence, tumor targeting
with enhanced selectivity should be more beneficial for an effective therapeutic outcome. Several
ligands have been reported for targeting cytotoxic or chemotherapeutics molecules, such as monoclonal
antibodies, peptide hormones, receptor-binding ligands, aptamers, oligosaccharides, vitamins, folic
acids, nanoparticles, and DUPA [11]. However, most of these targeting ligands lack specificity for tumor
cells, which in the clinical setting, is expected to lead to side effects due to their effect on non-malignant
normal cells. Therefore, there is a need to develop more tumor-specific targeting modalities.

The extracellular matrix (ECM) is a microenvironment within all types of tissues and organs
containing non-cellular components such as collagen, fibroblasts (which ARE cells), fibronectins (FNs),
and blood vessels as a part of the basal lamina for the support of epithelial cells [12]. The ECM is
responsible for adhesion, migration, cell-to-cell communication, homeostasis, growth, and proliferation
of the cells, and thus contributes significantly to metastasis of tumors [13]. In malignant tumors, the
microenvironment exhibits unusual overexpression of cancer-related proteins, such as the extra-domain
B fibronectin (EDB-FN). EDB-FN is a high-molecular glycoprotein that mediates cell adhesion and
migration [14]. EDB-FN has been reported to be found around new blood vessels of tumors and
provides a promising specific biomarker for cancer [15–17]. Therefore, EDB-FN could be used for
targeted therapy in PCa. For example, Zheng et al. showed the use of a specific peptide ligand
[CTVRTSADC] 1, which targets EDB-FN in PCa (Figure 1). This ligand was used in the diagnosis
of later stages of PCa, differentiating them from benign hyperplasia. Later, ligand 1 was used as a
targeted contrast agent in MRI application for PCa [18]. Therefore, peptide ligand 1 could be selected
as a potential targeting ligand to develop targeted chemotherapeutics for PCa.

The rationale for the selection of peptides as targeting ligands is due to the fact that peptides
are highly selective, safer, and tolerable agents in vivo. The specificity of the peptide ligand for its
target could be used to deliver an anticancer drug to their target in cancer. Thus, we hypothesized
that the conjugates of EDB-FN targeted peptide ligand with anticancer drugs containing a suitable
linker will release the anticancer drug in the PCa and minimize side effects in normal cells. Here in this
study, we report the synthesis and modification in peptide ligand 1, developing peptide-anticancer
drug conjugates, their characterization, stability, and in vitro assays against a panel of PCa and normal
prostate cell lines.

2. Results and Discussion

2.1. Chemistry

We synthesized two different cyclic peptide EDB-FN targeting [CTVRTSADC] 1 and [KTVRTSADE]
8 (Figure 1) using solid phase peptide chemistry and used for the conjugation with anticancer drugs.
Two anticancer drugs, Dox and Doce, were used for the conjugation. We adopted six carbon long
aminohexanoic acid to provide spacer followed by cathepsin-B enzyme sensitive linker to release the
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drug moiety efficiently. Two types of dipeptide cathepsin-B enzyme sensitive linkers including valine
and citrulline (VCit) and phenylalanine and lysine (FK) were adopted in the early phase of the study,
but later a tetrapeptide linker with better release profile involving glycine, phenylalanine, leucine, and
glycine (GFLG) was chosen. To facilitate drug attachment, hydrazone, disulfide, and thiomaleimide
linkages were used. To provide a spacer for better recognition of the cathepsin-B sensitive linker,
dipeptide of glycine was attached on hydrazone linkage, or additional cysteine was attached on the
N-terminal to facilitate disulfide linkage.

Figure 1. Chemical structures of peptide ligands 1 and 8.

2.1.1. Synthesis of Targeting Ligand

Selected peptide ligand [CTVRTSADC] 1 contained a disulfide bridge between C- and N-terminal
cysteine residues and was generated after the first-generation screening of phage display library
bound to EDB-FN as previously reported [15]. Using this peptide, we designed the peptide-linker
hydrazine-glutarate-GG-FK-C6-[CTVRTSADC] 5 and hydrazine-glutarate-GG-VCit-C6-[CTVRTSADC]
6 containing a cathepsin-sensitive linker (Scheme 1).

This disulfide linkage in targeting peptide 1 may be hydrolyzed in vivo due to the presence of
glutathione or under physiological condition, which may reduce targeting efficiency of the ligand.
Alternatively, we designed a more stable analog of ligand 1, which contains lactam cyclization
between lysine and glutamic side chain in place of cysteine amino acids. Therefore, two cyclic
peptides [CTVRTSADC] 1 and [KTVRTSADE] 8 were synthesized using standard Fmoc/tBu solid-phase
peptide synthesis (SPPS) on Rink amide resin as solid support. All the peptides were purified by
preparative Reverse-Phase High-Performance Liquid Chromatography (RP-HPLC) and analyzed by
Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) mass spectroscopy (see
supporting material). Most of the peptides showed an [M +H]+ peak in the spectra, which is due to
the presence of the protonated amino group. We also observed mass fragments presumably because of
the breakdown of disulfide linkage to thiol (SH) groups when higher laser energy was used in the
MALDI-TOF mass spectroscopy.

2.1.2. Synthesis of Peptide-Linker Conjugates

A spacer of six carbon (C6) was included using Fmoc-aminohexanoic acid (Fmoc-Ahx-OH) in
the design of peptide–drug conjugates to allow targeting ligand to recognize their binding motif.
The release of drug from the conjugates was expected using a suitable linker. A cathepsin enzyme
based linker was selected to allow the drug to be released at the site of the tumor [19]. Cathepsin-based
linkers are dipeptides (FK, VCit) or tetrapeptides (GFLG), which release drug moiety efficiently from
the conjugate as previously reported [20–22].

Scheme 1 depicts the synthesis of various cathepsin linkers in the peptide 1 cyclized through a
disulfide linkage. A spacer of two glycine amino acids was added in the peptide sequence to avoid
any steric hindrance for enzyme recognition of the linker. Furthermore, a hydrazine group was also
included at the N-terminal to allow the selected model anticancer drug (Dox) to be conjugated using
hydrazone linkage.
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Scheme 1. Synthesis of hydrazine-glutarate-GG-FK-C6-[CTVRTSADC] 5 and hydrazine-glutarate-
GG-VCit-C6-[CTVRTSADC] 6.

Modified peptide ligand (KTVRTSADE) 8 was assembled on the resin with the modification
of reported methodology of ligand 1 [18]. Scheme 2 depicts the synthesis of 8 that has lysine and
glutamic acid residues instead of cysteine residues. Peptidyl resin went through lactam cyclization and
conjugated with a linker. The orthogonal protected groups used during the synthesis for lysine and
glutamic acid were 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl (Dde) and 2-phenylisopropyl
(Phipr), respectively. The protected linear version of peptide 8 was assembled on Rink amide resin
followed by selective deprotection of Fmoc and Phipr group in the side chains. Lactam cyclization
afforded side-chain cyclized intermediate peptide. After cleavage of a part of the resin, the calculated
mass of 8 was 986.5145 [M]+ that was consistent with experimental value 987.2699 [M +H]+. Scheme 2
shows the synthesis of the linker, spacer, and targeting moiety in peptide 9. Cysteine residue was
incorporated at the N-terminal for functionalization in drug conjugation.
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Scheme 2. Selected synthesis of C-GFLG-C6-[KTVRTSADE] 9 containing lactam cyclization.

2.1.3. Conjugation of Anticancer Drugs with Peptide-Linker Conjugates

Doxorubicin (Dox) and docetaxel (Doce) were selected as model anticancer drugs for the
conjugation with the synthesized linker-EDB peptides to form compound Dox-s-s-GFLG-C6-
[KTVRTSADE] 13 and Doce-βA-thioether-CGFLG-C6-[KTVRTSADE] 14. Dox and Doce have been
widely used in chemotherapy against several cancers, including PCa [23]. The intermediate compound
Dox-disulfide-pyridine was prepared by reaction of Dox with 2-iminothiolane followed by activation of
the sulfhydryl group by reacting with dithiodipyridine at the room temperature (Scheme 3). Similarly,
Doce was functionalized with Fmoc-β-alanine-OH to reduce the steric hindrance in the reaction with
the linker-EDB peptide. The C2’ hydroxyl group in the Doce has been previously reported to be
more reactive as compared to other hydroxyl groups in the compound. The other hydroxyl groups
have shown to have low chemical reactivity due to the presence of more steric hindrance [24–26].
After Fmoc removal, the crude esterified Doce-β-alanine was purified using RP-HPLC. The purified
compound showed one major peak with expected mass and was concentrated to use for the next
reaction. A bifunctional linker sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate)
(sulfo-SMCC) was used to facilitate conjugation of Doce-β-alanine-NH2 to form Doce-β-alanine-SMCC
11, which was utilized in the conjugation with peptide 9 (Scheme 4). In another strategy, ketone group
at the C13 position in the Dox was reacted under mildly acidic condition with the hydrazine group
present at the EDB peptide-linker 6 to form hydrazone linkage in conjugate 12 as shown in Scheme 5.

 

Scheme 3. Synthesis of Dox-disulfide-pyridyl 10.

267



Int. J. Mol. Sci. 2019, 20, 3291

 

Scheme 4. Synthesis of Doce-βA-SMCC 11.

 
Scheme 5. Conjugation of Dox, Dox-SH, and Doce-βA-SMCC with the peptide targeting moiety
through a hydrolyzable linker

2.1.4. Conjugation of Anticancer Drugs with Peptides

Three peptide–drug conjugated compounds (12, 13, and 14) were synthesized (Scheme 5). In the
first reaction, Dox was reacted under a mild acidic condition with hydrazine-glutarate-GG-VCit-
C6-[CTVRTSADC] 6 for 20 h at room temperature to afford the Dox–hydrazone peptide conjugate
12 (Scheme 5). In the second attempt, Dox-activated disulfide compound 10 was reacted with
C-GFLG-C6-[KTVRTSADE] 9 to afford Dox-s-s-C-GFLG-C6-[KTVRTSADE] 13. In the third attempt,
the Doce-β-alanine-SMCC 11 was reacted with sulfhydryl group in 9 using phosphate buffered saline
(PBS, pH 8.0) containing 20 mM EDTA for 17 h to form Doce-thioether-CGFLG-C6-[KTVRTSADE]
13. All the conjugates were purified and characterized using RP-HPLC and MALDI-TOF mass
spectrometry, respectively. Table 1 shows the chemical analysis and details of synthesized peptides
and peptide–drug conjugates.
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Table 1. The sequences of extra domain B of fibronectin (EDB-FN) targeting peptides and peptide–drug conjugates.

Peptide Peptide Sequence Chemical Formula Exact Mass Found (M/Z)

1 [CTVRTSADC] C35H62N13O14S2 952.3980 952.4786, [M + H]+

5 Hydrzb-Glutrtb-GG-FK-C6
a-[CTVRTSADC] C65H111N21O21S2 1585.7704 1585.5270, [M +H]+

6 Hydrzb-Glutrtb-GG–VCita–C6
a-[CTVRTSADC] C61H109N22O22S2 1565.7527 1565.5920, [M + H]+

8 [KTVRTSADE] C40H71N14O15 987.5223 987.2699, [M + H]+

9 CGFLG-C6
a-[KTVRTSADE] C68H113N20O21S 1577.8110 1577.6815, [M]+

10 Dox-s-s-Pyridine C36H40N3O11S2 754.2104 754.4053, [M + H]+

11 Doce-βA-SMCC C58H72N3O18 1098.4811 1098.1675, [M + H]+

12 Dox-hydrzc-Glutrtb–GG–VCita–C6
a-[CTVRTSADC] C88H136N23O32S2 2090.9003 2090.7130, [M + H]+

13 Dox-s-s-CGFLG-C6
a-[KTVRTSADE] C99H150N22O32S2 2223.0227 2222.3398, [M +H]+

14 Doce-βA-thioether-CGFLG-C6
a-[KTVRTSADE] C126H184N23O39S 2675.2842 2675.8490, [M + H]+

15 GFLG-C6
a-[CTVRTSADC] C60H100N18O19S2 1440.6615 1440.5944, [M + H]+

16 GFLG-C6
a-[KTVRTSADE] C65H109N19O20 1475.8096 1475.8738, [M + H]+

17 FAM-GFLG-C6
a-[CTVRTSADC] C81H111N18O25S2 1799.7249 1799.928, [M + H]+

18 FAM-GFLG-C6
a-[KTVRTSADE] C86H118N19O26 1832.8495 1832.3740, [M + H]+

19 CGFLG-C6
a-[CTVRTSADC] C63H106N19O20S3 1544.6863 1544.1794, [M + H]+

Cyclic peptides are shown using the [] bracket. aUnnatural amino acids denominated by βA, C6, and Cit, which
represent beta-alanine, 6-aminohexanoic acid, and citrulline, respectively. FAM stands for 5(6)-carboxyfluorescein.
bHydrazine and glutarate linkers are abbreviated as Hydrz and Glutrt, respectively. cHydrazone.

2.1.5. Conjugation of 5(6)-Carboxyfluorescein (FAM) Motif with Peptides

Peptides 15 and 16 containing linker and targeting ligand (1 and 8, respectively) were conjugated
with a carboxyfluorescein dye to determine whether ligand 8 showed higher localization and targeting
toward EDB-FN as compared to its disulfide cyclized counterpart 1. A 5(6)-carboxyfluorescein
diisobutyrate (CFDI) was coupled to N-terminus of glycine in both peptides (15 and 16) in the presence
of PyAOP, HOAt, and DIPEA using anhydrous DMF. Fluorescent-tagged peptides (17 and 18) were
purified and characterized using RP-HPLC and MALDI mass spectrometry, respectively (Scheme 6).
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Scheme 6. Conjugation of FAM with the peptide targeting moiety through a hydrolyzable linker.

2.1.6. Stability and Hydrolysis

The stability of selected synthesized doxorubicin-peptide conjugate 13 was evaluated under
different physiological conditions to mimic the in vivo environment, such as different pH, under redox
condition, and in the human serum as depicted in the Figures 1–4. Conjugate 13 showed high stability
in PBS with a half-life of ~10 h in pH values ranging from 6.5 to 7.4 (Figure 2). It also appears that
the dox peptide conjugate 13 is stable at pH tested from 6.5 to 7.4. No drastic differences observed
between stability in three different physiological pHs. Furthermore, conjugate 13 were treated with
redox condition using dithiothreitol (DTT) to confirm the release of Dox from conjugate 13 that allows

269



Int. J. Mol. Sci. 2019, 20, 3291

the free drug becomes bioactive. Figure 3 shows the hydrolysis of conjugate 13 within 2.6 min when
incubated with 12 equivalents of DTT that confirms the release of Dox from disulfide linkage due to
redox conditions. Similarly, the targeting peptides which consist of disulfide cyclization (peptide 1)
and lactam cyclization (peptide 8) were incubated in the redox condition. In the presence of DTT, the
targeting peptide ligand 1 behaved as expected and released reduced disulfide linkage quickly. During
HPLC analysis of the ligand, it was found to be too difficult to separate the linear and cyclic forms
of CTVRTSADC, so MALDI mass spectrometry was used to obtain a qualitative insight. Peptide 1

was reduced to its linear form that has a slightly higher mass because of the addition of two hydrogen
atoms to the reduced disulfide bond into two sulfhydryl groups thereby increasing its mass by 2 Da
in high-resolution MALDI-TOF mass spectroscopy (Figure 5). However, peptide 8 was stable under
reducing conditions as expected (Figure 4).
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Figure 2. Conjugate 13 in PBS at different pH. The percent remaining of conjugate 13 was quantified
using the area under the curve (AUC) in analytical HPLC.
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Figure 3. Stability analysis of conjugate 13 under reducing conditions using dithiothreitol (DTT).
The experiment was done in PBS at pH 7.4. The percent remaining was quantified using the AUC,
and the trendline equation gives the half-life of 2.6 min with an R2 of 0.98. Fitting was done online
using MyCurveFit.
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Figure 4. Stability of peptide 8 ([KTVRTSADE]) in pH 7.4 PBS with DTT. The percent remaining was
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Figure 5. Peptide 1 before (a) and after 5 min (b) incubation with DTT. The higher molecular weight
shows a full reduction of peptide 1 to the linear counterpart of (CTVRTSADC) within 5 min.

Dox–peptide conjugate 13 showed a quick degradation in human serum at 37 ◦C (Figure 6).
The data shows that conjugate 13 has a half-life of approximately 11.8 min in 25% human serum. There
was no visible difference in the shape of the percentage remaining vs. time plot when performed using
a higher concentration of conjugate 13. Thus, it was speculated that the rate of the reaction increased
proportionally when a higher concentration (100 μM) of Dox–peptide was used. This indicates that the
reaction was likely to be first-order with regard to Dox–peptide 13 under these conditions. Usually,
peptides and peptide–drug conjugates have a very wide range of serum stabilities ranging from less
than a min in human serum to over 200 min leading to an undetectable amount of degradation [27].
Conjugate 13 showed a half-life of 11.8 min, which displays that this peptide–drug conjugate, although
does not have outstanding stability, it may have time to yield an effect on cancer cells in vivo.

Furthermore, the hydrolysis of peptide–drug conjugate 13 containing a cathepsin B cleavable
linker was evaluated using in vitro assay as reported [28]. Figure 7 shows that cathepsin B enzyme
recognizes GFLG linker in the conjugate 13 and cleaves it within 5 min of incubation time. Dox–peptide
conjugate 13 showed a peak with the retention time of 34 min. After incubation with serum, the
compound was hydrolyzed and showed different peaks. The peak with a retention time around
30.5 min was found to be dox conjugated with a couple of amino acid residues. The free doxorubicin
was found with the retention time of 30 min (Supporting information, Figure S1). The peak at 30.5
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min showed absorption at 490 nm and with some at 214 nm, which demonstrates amide linkage for
conjugated amino acids. Therefore, the peak at 30.5 min was likely to be with Dox conjugated with a
couple of amino acids. This enzymatic reaction occurred too fast to assess the kinetic nature of the
reaction. However, it demonstrated the utility of the cathepsin B-sensitive linker in conjugate design.
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Figure 6. Stability of conjugate 13 (125 μM) in 25% human serum. Note the trendline gives the half-life
of 11.8 min with an R2 of 0.978. Each point represents an average of three readings.

Figure 7. Analytical HPLC chromatogram over time for Dox-peptide conjugate 13 in human cathepsin
B with absorbance detection at 214 nm (top) and 490 nm (bottom). Dox-peptide 13 retention time = 34
min. Dox alone retention time = 30 min. Note the similar shape of the 5, 30, and 60 min incubations.
Also, the peak at ~30.5 min showed strong absorbance at both 214 nm and 490 nm.
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2.2. Cell-Based Assays

2.2.1. Peptide Cytotoxicity

To evaluate the cytotoxicity of the synthesized compounds, we selected both a normal prostate
cell line (prostate epithelial cells transformed by HPV, RWPE-1) and cancerous prostate cell lines
(LNCaP, PC3, DU-145, and C4-2) [29]. LNCaP is an indolent form. DU-145 is a moderatetly
metastatic cell form as compared to PC3, which is an aggressive form of PCa with a high
metastatic potential [30]. C4-2 cells were originally derived from LNCaP xenografts grown in
castrated mice exhibiting androgen-independence and were found to have elevated expression of
EDB-FN, which would help explore the targeting of peptide conjugate [31]. Evaluation of the
cytotoxicity of synthesized targeting peptides hydrazine-glutarate-GG-FK-C6-[CTVRTSADC] 5 and
hydrazine-glutarate-GG–VCit–C6-[CTVRTSADC] 6 as compared to peptide C-GFLG-C6-[KTVRTSADE]
9 were performed on different timelines (24, 48, and 72 h) using a panel of cell lines such as RWPE-1,
LNCaP, PC3, DU-145, and C4-2 as depicted in Figure S2. These peptides were used in the conjugation
of anticancer drugs connecting through three different types of peptidic cathepsin linkers such as
phenylalanine lysine (FK), valine citrulline (VCit), and glycine phenylalanine leucine glycine (GFLG).
These peptides were used to perform a cytotoxicity assay at a selected concentration of 5 μM as used
previously in screening peptide–drug conjugates in different cancer cell lines [8]. Figure S2 (supporting
information) showed that peptides 5, 6, 9 did not show any significant cytotoxicity to normal human
prostate epithelial cells (RWPE-1), and cancerous prostate cell lines LNCaP, C4-2, PC3, and DU-145
after 72 h. These results are not surprising since the targeting peptides are not expected to have any
intrinsic antiproliferative activity.

The determination of cytotoxicity of peptide C-GFLG-C6-[KTVRTSADE] 9 and selected peptide–drug
conjugate Dox-s-s-CGFLG-C6-[KTVRTSADE] 13 were performed in PC3 cell line after 2 h of incubation
using positive control (doxorubicin) and negative control (5% DMSO). Different concentrations (0.01,
0.1, 1, 10, and 100 μM) of Dox, peptide 9, and conjugate 13 were prepared in 5% DMSO and used in
the screening in the PC3 cell line after incubation for 2 h to observe the cytotoxicity of targeting peptide
9 in comparison to parent drug Dox and its conjugate 13 (Figure 8). The conjugate 13, peptide 9, and
Dox showed no significant toxicity at or below 10 μM, possibly due to the shorter incubation time of 2
h. Dox usually requires 24 to 72 h incubation time to show any cytotoxicity at a lower concentration.
The targeting peptide 9 did not show any toxicity up to the concentration of 100 μM.
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Figure 8. Cytotoxicity of peptide 9, conjugate 13 (Dox-s-s-CGFLG-C6-[KTVRTSADE]) and Dox on a
PC3 prostate cancer cell line after two hours of incubation at various concentrations.
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The conjugates 13 and 14 were tested at 5 μM concentration using both positive and negative
controls in all the four cell lines after 72 h incubation. Figure 9 depicted that Dox conjugate 13 was
moderately toxic with a reduced cell proliferation to a range of 25–35% as compared to Dox which
reduced cell proliferation in the range of 20–34% for all selected four cell lines. However, it was
interesting to observe that Doce conjugate 14 was almost nontoxic (cell proliferation within the range of
89–96%) in all the cell lines as compared to Doce alone which reduced the cell proliferation in the range
of 54–61% (Figure 9). The comparable potency of Dox conjugate 13 versus Dox suggests the possible
reduction of disulfide linkage, and release of an active form of Dox from the conjugate after the cellular
uptake. As described above in the stability studies, compound 13 was found to be unstable under
redox conditions, and in the presence of cathepsin B. On the other hand, the inactivity of conjugate 14

is possibly due to lack of hydrolysis to get an active drug, Doce. Conjugate 14 does not have disulfide
linkage and it is possible that ester bond of the secondary alcohol and amide bond do not undergo
fast hydrolysis.

 

0

20

40

60

80

100

120

Media 5%DMSO Peptide 9 Dox Doce Conjugate
13

Conjugate
14

C
el

l v
ia

bi
lit

y 
(%

)

Compounds (5 M)

RWPE
PC3
LnCap
Du-145

Figure 9. Cell viability of peptide 9, Dox, Doce, Dox–peptide conjugate 13, and Doce–peptide conjugate
14 at 5 μM on prostate epithelial and PCa cell lines (RWPE-1, PC3, LNCap, Du-145) after 72 h using
MTS assay.

Furthermore, to evaluate the effect of selectivity of synthesized conjugates containing targeting
ligand, the cells were treated with TGF-β for 3 days to induce overexpression of EDB-FN as reported
and assayed using cell viability assay for 24–72 h [32]. Also, an equimolar amount of the physical
mixture of drug and peptides were evaluated to determine the potency of these compounds in TGF-β
positive treated cells. C4-2 cell line was used with and without TGF-β treatment (Figure 10a,b)
as it was reported to show overexpression of EDB-FN [31]. C4-2 cells were derived from human
prostate adenocarcinoma LNCaP cells. Figure 10a showed an increase in the cytotoxicity of Dox and
Dox/peptide 9 physical mixture as compared to the conjugate 13 over an incubation period of 24 h
to 72 h. Conjugates 13 and 14 were found to be less cytotoxic as compared to drug alone in 24–72 h.
These cells were not treated with TGF-β, so very minimal or no overexpression of EDB-FN. Figure 10b
showed the effect of overexpression of EDB-FN in the cell viability. There was no observed effect of
TGF-β treatment for the cytotoxicity of Dox and physical mixture of Dox/peptide 9 on the cell viability
as compared to the TGF-β untreated cell lines. However, conjugate 13 showed a decrease in cell
viability by 17% after 72 h as compared to untreated cell lines. Similarly, Doce and Doce conjugate
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14 showed decrease in cell viability by 16 and 10%, respectively, after 72 h. The physical mixtures of
Doce/peptide 9 showed a decrease in cell viability by 16% as compared to untreated cells.
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Figure 10. Time-dependent (24, 48, 72 h) cell viability studies of drugs, peptide 9, and drug–peptide
conjugates 13, 14, and physical mixtures of drug and peptides using MTS on (a) prostate C4-2 cell line,
a subline of LNCaP without TGF-β, (b) with TGF-β treatment.

2.2.2. Confocal Microscopy of the Fluorescently Tagged Compounds 17 and 18

To evaluate the comparative EDB-FN binding capability of disulfide cyclized peptide 1 and its
more stable analog 8, we prepared the corresponding FAM-conjugated fluorescent tagged derivatives,

275



Int. J. Mol. Sci. 2019, 20, 3291

namely peptide 17 and 18, respectively. C4-2 cells were used for this assay due to overexpression
of EDB-FN [31]. Expression of EDB-FN was confirmed using PCR. The C4-2 cells were incubated
with the FAM-conjugated peptide 17 and 18 dissolved in the cell culture media for 12 h. Figure 11
shows the confocal images of EDB-FN stained cells without any peptide (a, control), incubated with
peptide 17 (b) and peptide 18 (c) respectively at 60× magnification. As it is evident from Figure 11,
peptide 18 showed notably higher binding and colocalization for EDB-FN as compared to peptide
17. A binary contrast quantification showed a significant increase of 48% in the peptide-stained area
in cells incubated with peptide 18 compared to that of peptide 17. These images reflect binding of
peptide 17 and 18 to EDB-FN, which includes linkers and spacer, which presumably did not change
the affinity of ligands for EDB-FN. The enhanced binding of peptide 18 over peptide 17 was speculated
to be due to the higher stability of ligand 18.

 

Figure 11. Comparative confocal microscopy of Fluorescent tagged peptide 17 and 18. Control (a)
shows no treatment; (b) shows FAM-linked disulfide cyclized targeting moiety in the peptide 17; (c)
shows FAM linked amide cyclized targeting moiety in the peptide 18; (d), (e), and (f) are Z-slices of
images in (a), (b), and (c); (g) shows the unpaired t-statistic reflects peptide 18 has higher binding to
EDB-FN as compared to peptide 17.

3. Materials and Methods

3.1. Chemistry

All amino acids and resins were purchased from AAPPTec LLC (Louisville, KY, USA), Chem-Impex
International Inc. (Wood Dale, IL, USA), and CEM Corporation (Matthews, NC, USA). All organic
solvents were purchased from Millipore Sigma Corporation (St. Louis, MO, USA), Fischer Scientific
(Pittsburgh, PA, USA), and Gyros Protein Technologies, Inc (Tucson, AZ, USA). Anticancer agents
Doxorubicin (Dox) and Docetaxel (Doce) were purchased from LC laboratories (Woburn, MA, USA).
Masses of intermediate and final products were confirmed by high-resolution matrix-assisted laser
desorption/ ionization time-of-flight (MALDI-TOF) mass spectrometer from Bruker Inc. (GT 0264,
Billerica, MA, USA) or Applied Biosystems (4800 MALDI TOF/TOF Analyzer, Foster City, CA,
USA). Intermediate and final compounds were purified by reversed-phase high-performance liquid
chromatography (RP-HPLC) from Shimadzu (Prominence, Columbia, MD, USA) using a gradient
system of acetonitrile and water with 0.1% trifluoroacetic acid using reverse phase C18 column
(XBridge BEH130 Prep C18), from Waters Corporation (Milford, MA, USA). 5(6)-Carboxyfluorescein
diisobutyrate (CFDI) was used to synthesize fluorescently-label peptide (USBiological Life Science,
Swampscott, MA, USA).

3.1.1. Synthesis of Peptide 1 ([CTVRTSADC])

The linear peptide containing nine amino acids (CTVRTSADC) was synthesized by Fmoc/tBu
solid-phase peptide synthesis. Rink Amide resin (0.3 mmol, 526 mg, 0.57 mmol/g) was swollen in DMF.
The Fmoc group was deprotected using 20% piperidine/DMF under nitrogen for two times (20 min × 2).
Side chain-protected amino acids (0.9 mmol) were coupled using HBTU (341 mg, 0.9 mmol, 3 equiv) and
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DIPEA (313 μL, 1.8 mmol) in DMF as coupling and activating reagent for 90 min. The Fmoc group was
deprotected using 20% piperidine/DMF under nitrogen twice (20 min × 2). The peptide was assembled
on the resin following coupling of amino acid in the order, e.g., Fmoc-Cys(Trt)-OH (527 mg, 0.9 mmol),
Fmoc-Asp(OtBu)-OH (370 mg, 0.9 mmol), Fmoc-Ala-OH (280 mg, 0.9 mmol), Fmoc-Ser(tBu)-OH
(345 mg, 0.9 mmol), Fmoc-Thr(Trt)-OH (357 mg, 0.9 mmol), Fmoc-Arg(Pbf)-OH (583 mg, 0.9 mmol),
Fmoc-Val-OH (305 mg, 0.9 mmol), Fmoc-Thr(Trt)-OH (357 mg, 0.9 mmol), and Fmoc-Cys(Trt)-OH
(527 mg, 0.9 mmol). Coupling and deprotection cycles were repeated to assemble the sequence of the
linear protected peptide. Then, the side-chain deprotection and cleavage from the resin were carried
out by a freshly prepared cleavage cocktail, trifluoroacetic acid:triisopropylsilane:water (TFA:TIS:H2O;
95:2.5:2.5, v/v/v, 13.5 mL:750 μL:750 μL,15 mL) for 2 h. The crude peptide was precipitated by the
addition of cold diethyl ether (30 mL × 3 times, Et2O) and purified by RP- HPLC on a water XBridge
BEH130 Prep C18 OBD 10 μm ODS reversed-phase column (2.1 cm × 25 cm) using a gradient system.
The crude peptide was purified at a flow rate of 10.0 mL/min using a gradient of 0–100% acetonitrile
(0.1% TFA) and water (0.1% TFA) over 60 min on RP-HPLC and then was lyophilized to obtain the
linear peptide. Linear peptide (CTVRTSADC): MALDI-TOF (m/z): C35H64N13O14S2, calcd. [M +H]+

954.4137; found 954.5512. Cyclization of the linear peptide was carried out by exposing the peptide
in 10% DMSO to air at pH 7.4, followed by purification using RP-HPLC. Peptide 1 ([CTVRTSADC]);
MALDI-TOF (m/z): C35H62N13O14S2, calcd. [M + H]+ 952.3980; found 952.4786.

3.1.2. Synthesis of Peptide 8 ([KTVRTSADE])

The linear peptide containing sequence (KTVRTSADE) was synthesized by Fmoc/tBu solid-phase
peptide synthesis. Rink amide resin (0.3 mmol, 526 mg, 0.57 mmol/g) was swelled in DMF. The Fmoc group
was deprotected using 20% piperidine/DMF under nitrogen for two times (20 min × 2). Amino acids were
coupled using HBTU (341 mg, 0.9 mmol, 3 equiv) and DIPEA (313 μL, 1.8 mmol) in DMF as coupling and
activating reagents, respectively. The peptide was assembled on the resin following coupling of amino
acid in the order, e.g., Fmoc-Glu(Phipr)-OH (438 mg, 0.9 mmol), Fmoc-Asp(OtBu)-OH (370 mg, 0.9 mmol),
Fmoc-Ala-OH (280 mg, 0.9 mmol), Fmoc-Ser(tBu)-OH (345 mg, 0.9 mmol), Fmoc-Thr(Trt)-OH (357 mg,
0.9 mmol), Fmoc-Arg(Pbf)-OH (583 mg, 0.9 mmol), Fmoc-Val-OH (305 mg, 0.9 mmol), Fmoc-Thr(Trt)-OH
(357 mg, 0.9 mmol), and Fmoc-Lys(Dde)-OH (479 mg, 0.9 mmol). Coupling and deprotection cycles
were repeated to assemble the sequence of the linear protected peptide. Then, selective side-chain
deprotection were performed in order to remove Phipr (1% TFA/DMF, v/v, 15 min × 3 times) on glutamic
acid and then Dde (2% hydrazine monohydrate/DMF, 20 min × 2 times) to achieve carboxylic group
on the side chain of glutamic acid and amine group at the side chain of lysine side chain amine
group. Cyclization of carboxylic acid and the amino group in the side chain was performed using
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU;
344 mg, 0.9 mmol), ethyl cyano(hydroxyimino)acetate (Oxyma Pure; 136 mg, 0.96 mmol), and DIPEA
(313 μL, 1.8 mmol) in DMF for 3 h. After cyclization was confirmed by MALDI mass, the cleavage of
peptide from the resin was carried out by agitating to a freshly prepared cleavage cocktail, TFA:TIS:H2O
(95:2.5:2.5, v/v/v, 13.5 mL:750 μL:750 μL,15 mL) for 2 h. The crude peptide was precipitated by the
addition of cold diethyl ether (30 mL × 3 times, Et2O). Peptide 8 ([KTVRTSADE]): MALDI-TOF (m/z):
C40H71N14O15, calcd. [M +H]+ 987.5223; found 987.2699.

3.1.3. Synthesis of Peptide 5 (Hydrazine-Glutarate-GG-FK-C6-[CTVRTSADC])

Peptide 1 on solid support from step 3.1.1 was used before final cleavage to attach a spacer
Fmoc-6-Ahx-OH (C6) (157 mg, 0.9 mmol, 3 equiv) in the presence of HBTU (341 mg, 0.9 mmol, 3 equiv)
and DIPEA (313 μL, 1.8 mmol, 6 equiv) in DMF as coupling and activating reagents for 3 days. The resin
was washed, and Fmoc-Lys(Boc)-OH (421 mg, 0.9 mmol) and Fmoc-Phe-OH (348 mg, 0.9 mmol) were
conjugated similarly. Fmoc-Gly-OH (267 mg, 0.9 mmol) was coupled twice and then reacted with
glutaric anhydride (102 mg, 0.9 mmol) to provide a spacer and a carboxylic acid functional group
for further functionalization, respectively. After washing the resin, Boc-hydrazine (396 mg, 3 mmol),
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HOBt (405 mg, 3 mmol), EDC (465 mg, 3 mmol), and DIPEA (1.045 mL, 6 mmol) in dry DMF coupled
for 48 h to provide hydrazine functional group at the N terminal. The resin was washed and cleaved
using cleavage cocktail, TFA:TIS:H2O (95:2.5:2.5, v/v/v, 13.5 mL:750 μL:750 μL,15 mL) for 2 h to afford
linear peptide 5, which after RP-HPLC purification and cyclization in 10% DMSO under air afforded
cyclic peptide 5. MALDI-TOF (m/z): C65H111N21O21S2 calcd. [M + H]+ 1585.7704; found 1585.5270.

3.1.4. Synthesis of Peptide 6 (Hydrazine-Glutarate-GG-VCit-C6-[CTVRTSADC])

The synthesis of peptide 6 was followed by using a similar procedure described in 3.1.3 upto the
coupling of Fmoc-6-Ahx-OH, and then Fmoc-L-citrulline-OH (Cit; 476 mg, 1.2 mmol) and Fmoc-Val-OH
(305 mg, 0.9 mmol) were coupled on the solid phase. After washing and deprotecting Fmoc group, the
resin was further reacted with Fmoc-Gly-OH (twice), glutaric anhydride, and then Boc-hydrazine as
mentioned in the 3.1.3. The cleavage of linear peptide with cleavage cocktail, TFA:TIS:H2O (95:2.5:2.5,
v/v/v, 13.5mL:750μL:750μL, 15 mL), purification by RP-HPLC, and cyclization under 10% DMSO under
air afforded peptide 6. MALDI-TOF (m/z): C61H109N22O22S2, calcd. [M + H]+ 1565.7527; found
1565.5920.

3.1.5. Synthesis of Peptides 19 (C-GFLG-C6-[CTVRTSADC]) and 9 (C-GFLG-C6-[KTVRTSADE])

Both the peptidyl resin from synthesis of peptide 1 (from step 3.1.1) and peptide 8 (from step
3.1.2) were further reacted to attach a Fmoc-6-Ahx-OH (157 mg, 0.9 mmol), Fmoc-Gly-OH (267 mg,
0.9 mmol), Fmoc-Leu-OH (318 mg, 0.9 mmol), Fmoc-Phe-OH (348 mg, 0.9 mmol), Fmoc-Gly-OH
(267 mg, 0.9 mmol), and Fmoc-Cys(Trt)-OH (527 mg, 0.9 mmol) amino acid residues in the separate
peptide synthesis vessel. Coupling and deprotection cycles were repeated to assemble the sequence
of the linear protected peptide followed by cleavage with cleavage cocktail, TFA:TIS:H2O (95:2.5:2.5,
v/v/v, 13.5 mL:750 μL:750 μL,15 mL) for 2 h to afford complete form of peptide 9 and linear form of
peptide 19 which further cyclized using 10% DMSO/H2O. Peptides were purified using RP-HPLC
and characterized using MALDI TOF. Peptide 19 (C-GFLG-C6-[CTVRTSADC]); MALDI-TOF (m/z):
C63H106N19O20S2, calcd. [M +H]+ 1544.6863; found 1544.1794; Peptide 9 (C-GFLG-C6-[KTVRTSADE]);
MALDI-TOF (m/z): C68H113N20O21S, calcd. [M]+ 1577.8110; found 1577.6815.

3.1.6. Synthesis of Conjugate 12 (Dox-hydrazone-glutarate-GG-VCit-C6-[CTVRTSADC])

A solution of dox (16.3 mg, 0.03 mmol) was prepared after dissolving in anhydrous methanol
(2 mL) and was added dropwise to the solution of peptide 5 (47.3 mg, 0.03 mmol) in anhydrous
methanol (1 mL) followed by addition of TFA (0.1%, 3 μL) to acidify the reaction mixture
with continued stirring overnight at room temperature in 5 mL amber glass vial. The solvent
was removed under reduced pressure and conjugate was purified by RP-HPLC. Conjugate 12

(Dox-hydrazone-glutarate-GG-VCit-C6-[CTVRTSADC]); MALDI (m/z): C88H136N23O32S2, calcd. [M +
H]+ 2090.9003; found: 2090.7130.

3.1.7. Synthesis of Conjugate 13 (Dox-s-s-CGFLG-C6-[KTVRTSADE])

First, dox thiol (Dox-SH) was prepared by reacting Dox (25 mg, 43 μmol) with 2-iminothiolane
(2.5 equiv, 107 μmol) in methanol (25 mL) and triethylamine (TEA) (5 equiv, 30 μL) stirred at room
temperature (7 h). The reaction mixture was precipitated by ether (15 mL), and upon decantation,
the precipitant was evaporated using rotary evaporator. The sulfhydryl group of Dox was activated
with dithiodipyridine by reacting Dox-SH (1 equiv, 27 mg, 43 μmol) with 2,2′-dithiodipyridine
(2.5 equiv, 50 mg, 107 μmol) in methanol (0.1% acetic acid, v/v) with stirring at room temperature for
overnight. The resulting precipitate was washed again with cold ether and dried to afford compound
(Dox-S-S-Pyridine). A single peak was detected in the analytical HPLC. Activated Dox compound 10

was coupled with peptide 9 (47 mg, 0.03 mmol) via disulfide bridge using overnight stirring in the
degassed water (5 mL). The solvent was evaporated, and peptide 13 was purified using RP-HPLC.
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Conjugate 13 (Dox-s-s-CGFLG-C6-[KTVRTSADE]); MALDI-TOF (m/z): C99H150N22O32S2, calcd. [M +
H]+ 2223.0227; found 2222.3398.

3.1.8. Synthesis of Conjugate 14 (Doce-βA-thioether-CGFLG-C6-[KTVRTSADE])

Doce-βA-NH2 was first prepared with the stirring of Docetaxel (5 mg, 0.012 mmol), Fmoc-β-alanine
(5.5 mg, 0.062 mmol), using 2-(6-chloro-1-H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate (HCTU) (14.9 mg, 36 μmol, 3 equiv) and DIPEA (12 μL, 72 μmol, 6 equiv)
in anhydrous DMF (1.5 mL), at room temperature for 90 min. Fmoc was removed by treating with
40% piperidine in DMF (v/v, 10 mL, 20 min), and the resulting peptide was precipitated by ether.
Purification was performed using RP-HPLC followed by lyophilization. Doce-βA-NH2 (10.8 mg,
10 μmol) was reacted with sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) (6.5 mg, 15 μmol, 1.5 equiv) in N,N’-diisopropylcarbodiimide (DIC, 8 μL, 5 equiv)
and TEA (8 μL, 6 equiv) using methanol (1 mL), overnight. Docetaxel-βA-SMCC (11) was purified
using RP-HPLC. The Docetaxel-βA-SMCC (7.6 mg, 7 μmol) was dissolved in DMF (5 mL), reacted
with peptide 9 (C-GFLG-C6-[KTVRTSADE]) (12 mg, 76 μmol, 1.08 equiv) in PBS with 20 mM
EDTA at pH 8 (20 mL) for 17 h at room temperature. The formation of conjugated compound
14 (Doce-βA-thioether-C-GFLG-C6-[KTVRTSADE]) was confirmed by mass analysis using MALDI;
MALDI-TOF (m/z): C126H184N23O39S, calcd. [M + H]+ 2675.2842; found 2675.8490.

3.1.9. Synthesis of FAM Conjugate Peptide 17 (FAM-GFLG-C6-[CTVRTSADC])

First, the linear protected peptide 15 (NH2-GFLG-C6-C(Trt)T(tBu)VR(Pbf)T(tBu)S(tBu)AD(OtBu)C
(Trt)) on Rink amide resin was synthesized as described above at 0.2 mmol (350 mg) scale using
Rink amide resin. The peptidyl-resin was washed in DMF (15 mL, 3 × 2 min). The coupling
of 5(6)-carboxyfluorescein diisobutyrate (CFDI, 2.5 equiv, 258 mg), in the presence of HOAt
(2.5 equiv, 68 mg), (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyAOP, 2.5 equiv, 260 mg), and DIPEA (5 equiv, 174 μL) in anhydrous DMF (12 mL) was carried out
for 4.5 h followed by washing with DMF. The deprotection of isobutyrate protection in CFDI was
carried out by agitating the peptidyl resin using piperidine (20%, v/v, 25 mL, 2 × 15 min). The resin
was finally washed with DMF (3 × 3 mL), DCM (3 × 3 mL), and MeOH (3 × 3 mL) and finally dried in
vacuum for 30 min. The fluorescent-labeled peptide was cleaved using TFA:TIS:H2O (95:2.5:2.5, v/v/v,
6.75 mL:375 μL:375 μL) for 2 h. The crude peptide was precipitated with cold diethyl ether (10 mL)
and centrifuged (4500 rpm, 6 min). The solvent was decanted to obtain the precipitant, dried under
nitrogen which was further dissolved in 10% DMSO (100 mL) under dark to form disulfide bridge
between cysteine’s thiol residues under air for overnight. The solvent was evaporated under reduced
pressure to afford viscous peptide precipitate. The precipitate was dissolved in 30% ACN/H2O (v/v,
4 mL), purified by using RP-HPLC, and lyophilized. The mass was confirmed for peptide 17 with
MALDI-TOF (m/z); C81H1N18O25S2, calcd. [M + H]+ 1799.7249; found 1799.9280.

3.1.10. Synthesis of FAM Conjugate Peptide 18 (FAM-GFLG-C6-[KTVRTSADE])

The cyclized protected peptide [KT(tBu)VR(Pbf)T(tBu)S(tBu)AD(OtBu)E] was assembled on
Rink amide resin (0.2 mmol, 350 mg) using steps in Section 3.1.2. The peptidyl resin was washed in
DMF (15 mL, 3 × 2 min) and then solvents were filtered off. Then, Fmoc-Ahx-OH, Fmoc-Gly-OH,
Fmoc-Leu-OH, Fmoc-Phe-OH, and Fmoc-Gly-OH were coupled as mentioned above, followed by
resin washing with DMF (15 mL, 3 × 2 min). The deprotection of N-terminal Fmoc was carried out
using 20% piperidine in DMF (v/v, 2 × 10 min) and then washed with DMF (9 mL, 3 × 2 min) to afford
intermediate peptide 16 (NH2-C(Trt)GFLG-C6-[KT(tBu)VR(Pbf)T(tBu)S(tBu)AD(OtBu)E]-Rink amide
resin). The coupling of 5(6)-carboxyfluorescein diisobutyrate (CFDI, 2.5 equiv, 258 mg), in the presence of
HOAt (2.5 equiv, 68 mg), (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyAOP, 2.5 equiv, 260 mg), and DIPEA (5 equiv, 174 μL) in anhydrous DMF (12 mL) was carried
out to the peptidyl resin for 4.5 h followed by washing with DMF. The deprotection of isobutyrate
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protection in CFDI was carried out by agitating the peptidyl resin using 20% piperidine/DMF (v/v,
25 mL, 2 × 15 min). The resin was finally washed with DMF (3 × 3 mL), DCM (3 × 3 mL), and MeOH
(3 × 3 mL) and finally dried under vacuum for 30 min. The fluorescent-labeled peptide was cleaved
using TFA:TIS:H2O (95:2.5:2.5, v/v/v, 6.75 mL:375 μL:375 μL) for 2 h. The crude peptide was precipitated
with cold diethyl ether (10 mL), centrifuged (4500 rpm, 6 min). The solvent was decanted to obtain the
precipitant to afford viscous peptide precipitate. The precipitate was dissolved in ~30% ACN/H2O (v/v,
4 mL), purified by using RP-HPLC, and lyophilized. The mass was confirmed for peptide 18 with
MALDI-TOF (m/z); C86H118N19O26, calcd. [M + H]+ 1832.8495; found 1832.3740.

3.2. Stability in PBS and Dithiothreitol (DTT)

The stability of peptide–drug conjugate 13 was evaluated in the phosphate buffered saline (PBS).
The pH of PBS was adjusted to 6.8, 7.0, 7.4 using HCl and NaOH as needed. In brief, 250 μL of
1 × PBS was mixed with 45 μL of 0.25 mM Dox-peptide conjugate 13. The mixture was incubated at
37 ◦C in a water bath covered with aluminum foil. An aliquot (40 μL) was removed at different time
intervals, such as 4, 24, and 84 h and analyzed using analytical RP-HPLC at 490 nm. The percentage
of the remained peptide was calculated using the area under the curve (AUC) by integrating the
chromatogram in analytical HPLC. For evaluation of stability in DTT, a solution of DTT (0.120 mM)
was prepared using PBS (pH 7.4). A solution of compounds (1, 8, and 13 at 1 mM) was prepared in PBS
(pH = 7.4). A volume of 45 μL of the peptide was added to 2.250 mL of PBS in a UV-blocking glass vial.
The glass vials were put under nitrogen and stirred using a small magnetic bead. A volume of DTT
(222 mg, 12 equiv) was added to the solution, which was incubated with each peptide sample to obtain
a working concentration of 0.12 mM DTT and 0.010 mM peptide. Aliquots of 200 μL were collected at
different time intervals and analyzed using analytical HPLC vials (0 min was used as controls without
DTT) after quenching the DTT with 10 μL of H2O (pH = 2). The aliquots were run on analytical HPLC
with detection at 214 nm.

3.3. Stability in Human Serum

The stability was performed using 25% human serum. 325 μL of RPMI-1640 media was incubated
with 125 μL of human serum at 37 ◦C in a water bath. Then 50 μL of 125 μM of conjugate 13 was added
to the RPMI and serum. The control experiment was performed without conjugate using an aqueous
5% DMSO. Several aliquots (55 μL) were removed at 2, 5, 10, 15, 30, 60, 90, and 120 min. The aliquots
were added to 120 μL of cold methanol to precipitate the serum proteins with vigorous mixing using
vortex and kept at ice for 10 min. Then, the samples were centrifuged at 17× g (13,300 rpm) for 10 min
to get a pellet of the insoluble peptide. The supernatant was collected and analyzed on analytical
HPLC, as mentioned before.

3.4. Hydrolysis Studies with Cathepsin Enzyme

Human cathepsin B (CTSB, Lot # CB2016-02 from Athens Research, Athens, GA, USA) was used to
hydrolyze the cathepsin linker GFLG in conjugated peptide 13. A stock solution of cathepsin B enzyme
(0.434 μg/μL) was prepared using 50 mM acetate (pH 5.0) buffer with 1 mM EDTA. The activation
buffer was separately prepared using 30 mM DTT and 15 mM EDTA in H2O. An aliquot of 2.25 μL of
cathepsin B stock was activated with 5 μL of activation buffer for 15 min at room temperature then
diluted with 1.185 mL of acetate buffer and aliquoted into different tubes with 200 μL each. Further
8 μL of 1 mM of conjugated peptide 13 was added to aliquots and incubated for various time intervals.
Then, the reaction was quenched by boiling to denature cathepsin B for 10 min. A 400 μL of cold
methanol was added to precipitate the proteins followed by centrifugation of sample 17× g (13,300 rpm)
for 10 min. A supernatant (500 μL) was collected, evaporated, and reconstituted with 300 μL of HPLC
solvent A (H2O with 0.1% TFA). The eluent fraction from HPLC was further collected and analyzed
using MALDI-TOF mass spectrometry to confirm the hydrolysis of the conjugate.
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3.5. Cell Culture

Human epithelial prostate cell line (RWPE-1, ATCC No. CRL-11610), human prostate cancer cell
line (Human prostate carcinoma DU-145, ATCC No. HTB-81), human adenocarcinoma PC3, ATCC No.
CRL-1435), androgen-sensitive human prostate adenocarcinoma cells (LNCaP, ATCC No. CRL-1740),
and castration-resistant LNCaP-derived C4-2 (ATCC No. CRL-1595) were purchased from American
Type Culture Collection (ATCC), Manassas, VA, USA. All the media, serum, and antibiotics were
bought from American Type Culture Collection (ATCC) (Manassas, VA, USA) and Sigma life-science
(St. Louis, MO, USA). Keratinocytes SFM (1×) with EGF + BPE was bought from Gibco life technologies
(Thermo Fisher Scientific), Gaithersburg, MD, USA. CellTiter 96 was bought from Promega, Madison,
WI, USA. Dithiothreitol (DTT) was bought from Thermo Fisher scientific, Carlsbad, CA, USA, and
TGF-β was bought from Abcam, Boston, MA, USA.

3.5.1. Cell Viability Assays using MTS

Cell-proliferation assay using MTS reagent was conducted against five cell lines (RWPE-1, PC3,
DU-145, LNCaP, and, C4-2). Cells were seeded into 96-well plates (5 × 103 cells for all the cells) and
incubated with 100 μL of complete medium (RPMI-1640 for RWPE-1, DU-145, LNCaP, and C4-2;
DMEM for PC3) overnight at 37 ◦C with 5% CO2. Various concentrations (0, 0.06, 0.6, 6, 60, 600 μM) of
the peptide solution (20 μL) were added to cells to yield the final concentrations of peptide (0, 0.01,
0.1, 1, 10, 100 μM). The cells were kept in an incubator (37 ◦C, 5% CO2) for 24, 48, or 72 h accordingly
for different treatment time responses. Then, a CellTiter 96 aqueous solution (20 μL) was added to
each well and incubated for 4 h under the same condition. The absorbance was obtained at 490 nm
using SpectraMax M2 microplate reader to detect the formazan product. Wells containing cells in
the absence of any peptide were used as a control. The percentage of cell viability was calculated by
[(OD value of cells treated with the test mixture of compounds) − (OD value of culture medium)]
/ [(OD value of control cells) − (OD value of culture medium)] × 100%. For other time-dependent
experiments, compounds (5 μM) were added to each well in triplicate and kept for 24, 48, and 72 h at
37 ◦C in a 5% CO2 incubator. Cell viability was determined by measuring the absorbance at 490 nm
using SpectraMax M2 microplate spectrophotometer, as mentioned above.

3.5.2. Overexpression of EDB-FN using TGF-β

To compare the cytotoxicity of compounds using treatment of TGF-β, the cells were culture, and
8000 cells (RPWE-1, PC3, DU-145, LNCap, and C4-2) were added in 120 μL per well with TGF-β
treatment. Cells were exposed to TGF-β at 10 ng/mL for 3 days. Then cells were seeded in the
corresponding medium (DMEM containing 10% FBS and 1% penicillin–streptomycin for DU-145,
LNCaP, and PC3; keratinocyte containing 0.1% FBS without antibiotics for RWPE-1), 24 h prior to the
experiment. Then, MTS assay was followed up, as mentioned in 3.5.1.

3.5.3. Confocal Microscopy

Prostate cancer cell line (C4-2) was grown in RPMI medium containing 10% fetal bovine serum and 1%
penicillin/streptomycin at the 37 ◦C in a 5% CO2 incubator. The culture medium was changed every 2–3 days
until confluency was reached to 80%. Each cells group was treated with 5μg of fluorescence-tagged peptides
(17 and 18) for 12 h. A set of control groups was also prepared, which was not treated with peptides. Then
all cells were fixed with 4% paraformaldehyde for 10 min and washed for 10 min (3 times with PBS). The
cells were blocked in 1% FBS/PBS for 10 min and washed for 10 min (3 times with PBS). To target EDB-FN
on the cell surface, the cells were incubated with a mouse monoclonal anti-fibronectin antibody (Abcam,
Cambridge, MA, USA) (1:1000 dilution using 1% FBS/PBS) overnight at the 4 ◦C. The cells were washed
for 10 min (3 times with PBS), and a Texas red-conjugated anti-mouse secondary antibody was used in 1%
FBS/PBS (5:1000 dilution) at the room temperature for 1 h. Then cells were washed for 10 min (3 times with
PBS), and at the end, nuclei were stained using DAPI and covered with coverslips. Representative images
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of cells were captured using a standard confocal microscope (Nikon Eclipse Ti-E, Nikon Instruments Inc.,
Melville, NY, USA) at 60×magnification, and the images were processed for binary contrast quantification.

4. Conclusions

In conclusion, the synthesis and optimization of EDB-FN ligands were achieved using Fmoc/tBu
solid phase synthesis. The lactam cyclized ligand [KTVRTSADE] 8 showed higher stability under
redox condition (8 h) as compared to disulfide cyclized ligand [CTVRTSADC] 1 (2.6 min). A half-life of
11.8 min was detected for Dox conjugate 13 during treatment with 25% serum. A cathepsin enzyme
based linkers were introduced in Dox/Doce conjugates (13 and 14), which releases the drug from
conjugate within 5 min after treatment with cathepsin enzyme. The antiproliferative activity of Dox
conjugate 13 exhibited comparable or the similar antiproliferative activity versus Dox alone or physical
mixture in 72 h in all the cell lines (RWPE-1, PC3, DU-145, and LNCaP). The Doce conjugate 14 showed
mild or no activity which might be due to the lack of hydrolysis of the drug from conjugate in all the
cell lines. The TGF-β treatment in C4-2 cell lines demonstrates the effect of overexpression of EDB-FN
on cell viability. Confocal microscopy demonstrated localization of ligands at EDB-FN in C4-2 cell line.
The peptide 18 containing lactam cyclization showed higher targeting at EDB-FN in C4-2 cell lines as
compared to peptide 17 containing disulfide cyclization. These studies provide a better understanding
for designing peptide–drug conjugate to be used as a chemotherapeutic agent against PCa.
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Author Contributions: R.K.T. conceived and designed the experiments; S.E.P. synthesized peptides, Doce
intermediate and performed cellular studies, S.D. synthesized dox intermediate, T.A.K. performed hydrolysis and
stability studies, M.B. assisted in cell-culture, provided PCa cell lines, and antiproliferative assay, K.S. performed
confocal microscopy. S.E.P., T.A.K., M.B., K.P., and R.K.T. analyzed the data; S.E.P., K.P., and R.K.T. wrote the paper.

Funding: The authors acknowledge the financial support for this research from the Chapman University School of
Pharmacy. RKT and SEP acknowledge support from FRDC and graduate program respectively for seed funding.

Acknowledgments: The authors acknowledge the financial support for this research from the Chapman University
School of Pharmacy. R.K.T. and S.E.P. acknowledge support from FRDC and graduate program, respectively, for
seed funding. We thank Ajay Sharma for help with Confocal microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References and Note

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef] [PubMed]
2. American Cancer Society Prostate Cancer. Available online: https://www.cancer.org/cancer/prostate-cancer.

html (accessed on 16 February 2018).
3. Gravis, G. Systemic treatment for metastatic prostate cancer. Asian J. Urol. 2019, 6, 162–168. [CrossRef] [PubMed]
4. Evison, B.J.; Sleebs, B.E.; Watson, K.G.; Phillips, D.R.; Cutts, S.M. Mitoxantrone, More than Just Another

Topoisomerase II Poison. Med. Res. Rev. 2016, 36, 248–299. [CrossRef] [PubMed]
5. Summers, N.; Vanderpuye-Orgle, J.; Reinhart, M.; Gallagher, M.; Sartor, O. Efficacy and safety of post-docetaxel

therapies in metastatic castration-resistant prostate cancer: a systematic review of the literature. Curr. Med.
Res. Opin. 2017, 33, 1995–2008. [CrossRef] [PubMed]

6. Alavi, M.; Hamidi, M. Passive and active targeting in cancer therapy by liposomes and lipid nanoparticles.
Drug Metab. Pers. Ther. 2019, 34. [CrossRef]

7. Zhang, J.; Wang, L.; You, X.; Xian, T.; Wu, J.; Pang, J. Nanoparticle Therapy for Prostate Cancer: Overview
and Perspectives. Curr. Top. Med. Chem. 2019, 19, 57–73. [CrossRef] [PubMed]

8. Nasrolahi Shirazi, A.; Tiwari, R.; Chhikara, B.S.; Mandal, D.; Parang, K. Design and biological evaluation of
cell-penetrating peptide–doxorubicin conjugates as prodrugs. Mol. Pharm. 2013, 10, 488–499. [CrossRef]

9. Schally, A.V.; Nagy, A. Cancer chemotherapy based on targeting of cytotoxic peptide conjugates to their
receptors on tumors. Eur. J. Endocrinol. 1999, 141, 1–14. [CrossRef]

10. Arap, W.; Pasqualini, R.; Ruoslahti, E. Cancer treatment by targeted drug delivery to tumor vasculature in a
mouse model. Science 1998, 279, 377–380. [CrossRef]

282



Int. J. Mol. Sci. 2019, 20, 3291

11. Srinivasarao, M.; Low, P.S. Ligand-targeted drug delivery. Chem. Rev. 2017, 117, 12133–12164. [CrossRef]
12. Åkerfelt, M.; Härmä, V.; Nees, M. Advanced Models for Target Validation & Drug Discovery in Prostate

Cancer. In Prostate Cancer-From Bench to Bedside; IntechOpen: Rijeka, Croatia, 2011.
13. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev.

Mol. Cell Biol. 2014, 15, 786. [CrossRef] [PubMed]
14. Kumra, H.; Reinhardt, D.P. Fibronectin-targeted drug delivery in cancer. Adv. Drug Deliv. Rev. 2016, 97,

101–110. [CrossRef] [PubMed]
15. Mani, S.A.; Guo, W.; Liao, M.-J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.;

Shipitsin, M.; et al. The Epithelial-Mesenchymal Transition Generates Cells with Properties of Stem Cells.
Cell 2008, 133, 704–715. [CrossRef] [PubMed]

16. Albrecht, M.; Renneberg, H.; Wennemuth, G.; Möschler, O.; Janssen, M.; Aumüller, G.; Konrad, L. Fibronectin
in human prostatic cells in vivo and in vitro: expression, distribution, and pathological significance.
Histochem. Cell Biol. 1999, 112, 51–61. [CrossRef]

17. Kaspar, M.; Zardi, L.; Neri, D. Fibronectin as target for tumor therapy. Int. J. Cancer 2006, 118, 1331–1339. [CrossRef]
18. Han, Z.; Zhou, Z.; Shi, X.; Wang, J.; Wu, X.; Sun, D.; Chen, Y.; Zhu, H.; Magi-Galluzzi, C.; Lu, Z.-R. EDB

Fibronectin Specific Peptide for Prostate Cancer Targeting. Bioconjug. Chem. 2015, 26, 830–838. [CrossRef]
19. Staudacher, A.H.; Brown, M.P. Antibody drug conjugates and bystander killing: is antigen-dependent

internalisation required? Br. J. Cancer 2017, 117, 1736. [CrossRef]
20. Dubowchik, G.M.; Firestone, R.A.; Padilla, L.; Willner, D.; Hofstead, S.J.; Mosure, K.; Knipe, J.O.; Lasch, S.J.;

Trail, P.A. Cathepsin B-Labile Dipeptide Linkers for Lysosomal Release of Doxorubicin from Internalizing
Immunoconjugates: Model Studies of Enzymatic Drug Release and Antigen-Specific In Vitro Anticancer
Activity. Bioconjug. Chem. 2002, 13, 855–869. [CrossRef]

21. Shao, L.-H.; Liu, S.-P.; Hou, J.-X.; Zhang, Y.-H.; Peng, C.-W.; Zhong, Y.-J.; Liu, X.; Liu, X.-L.; Hong, Y.-P.;
Firestone, R.A.; et al. Cathepsin B cleavable novel prodrug Ac-Phe-Lys-PABC-ADM enhances efficacy at
reduced toxicity in treating gastric cancer peritoneal carcinomatosis. Cancer 2012, 118, 2986–2996. [CrossRef]

22. Zhong, Y.; Shao, L.; Li, Y. Cathepsin B-cleavable doxorubicin prodrugs for targeted cancer therapy. Int. J.
Oncol. 2013, 42, 373–383. [CrossRef]

23. Tsakalozou, E.; Eckman, A.M.; Bae, Y. Combination Effects of Docetaxel and Doxorubicin in
Hormone-Refractory Prostate Cancer Cells. Biochem. Res. Int. 2012, 2012, 10. [CrossRef] [PubMed]

24. Wohl, A.R.; Michel, A.R.; Kalscheuer, S.; Macosko, C.W.; Panyam, J.; Hoye, T.R. Silicate esters of paclitaxel
and docetaxel: Synthesis, hydrophobicity, hydrolytic stability, cytotoxicity, and prodrug potential. J. Med.
Chem. 2014, 57, 2368–2379. [CrossRef] [PubMed]

25. Skwarczynski, M.; Hayashi, Y.; Kiso, Y. Paclitaxel prodrugs: toward smarter delivery of anticancer agents. J.
Med. Chem. 2006, 49, 7253–7269. [CrossRef] [PubMed]

26. Kingston, D.G.I. Taxol, a molecule for all seasons. Chem. Commun. 2001. [CrossRef]
27. Inoue, T.; Cavanaugh, P.G.; Steck, P.A.; Brünner, N.; Nicolson, G.L. Differences in transferrin response

and numbers of transferrin receptors in rat and human mammary carcinoma lines of different metastatic
potentials. J. Cell. Physiol. 1993, 156, 212–217. [CrossRef] [PubMed]

28. Pan, H.; Yang, J.; Kopeckova, P.; Kopecek, J. Backbone Degradable Multiblock N-(2-Hydroxypropyl)
methacrylamide Copolymer Conjugates via Reversible Addition−Fragmentation Chain Transfer
Polymerization and Thiol−ene Coupling Reaction. Biomacromolecules 2011, 12, 247–252. [CrossRef] [PubMed]

29. Cunningham, D.; You, Z. In vitro and in vivo model systems used in prostate cancer research. J. Biol. Methods
2015. [CrossRef]

30. Tai, S.; Sun, Y.; Squires, J.M.; Zhang, H.; Oh, W.K.; Liang, C.Z.; Huang, J. PC3 is a cell line characteristic of
prostatic small cell carcinoma. Prostate 2011, 71, 1668–1679. [CrossRef] [PubMed]

31. Bisoffi, M.; Klima, I.; Gresko, E.; Durfee, P.N.; Hines, W.C.; Griffith, J.K.; Studer, U.E.; Thalmann, G.N.
Expression profiles of androgen independent bone metastatic prostate cancer cells indicate up-regulation of
the putative serine-threonine kinase GS3955. J. Urol. 2004, 172, 1145–1150. [CrossRef]

32. Han, Z.; Lu, Z.-R. Targeting fibronectin for cancer imaging and therapy. J. Mater. Chem. B 2017, 5, 639–654. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

283





 International Journal of 

Molecular Sciences

Article

Inhibitory Effects of Peptide Lunasin in Colorectal
Cancer HCT-116 Cells and Their
Tumorsphere-Derived Subpopulation

Samuel Fernández-Tomé 1,2,†, Fei Xu 2, Yanhui Han 2, Blanca Hernández-Ledesma 1,* and

Hang Xiao 2,*

1 Instituto de Investigación en Ciencias de la Alimentación (CIAL, CSIC-UAM CEI UAM+CSIC),
Nicolás Cabrera, 9, 28049 Madrid, Spain; fernandeztome.samuel@gmail.com

2 Department of Food Science, University of Massachusetts, Amherst, MA 01003, USA;
xufei5056@gmail.com (F.X.); yanhuihan@foodsci.umass.edu (Y.H.)

* Correspondence: b.hernandez@csic.es (B.H.-L.); hangxiao@foodsci.umass.edu (H.X.);
Tel.: +34 910017970 (B.H.-L.); +1 413-545-2281 (H.X.)

† Current address: Hospital Universitario de La Princesa, Instituto de Investigación Sanitaria Princesa (IIS-IP),
Centro de Investigación Biomédica en Red de Enfermedades Hepáticas y Digestivas (CIBEREHD),
28049 Madrid, Spain.

Received: 11 December 2019; Accepted: 13 January 2020; Published: 14 January 2020

Abstract: The involvement of cancer stem-like cells (CSC) in the tumor pathogenesis has profound
implications for cancer therapy and chemoprevention. Lunasin is a bioactive peptide from soybean
and other vegetal sources with proven protective activities against cancer and other chronic diseases.
The present study focused on the cytotoxic effect of peptide lunasin in colorectal cancer HCT-116
cells, both the bulk tumor and the CSC subpopulations. Lunasin inhibited the proliferation and
the tumorsphere-forming capacity of HCT-116 cells. Flow cytometry results demonstrated that the
inhibitory effects were related to apoptosis induction and cell cycle-arrest at G1 phase. Moreover,
lunasin caused an increase in the sub-GO/G1 phase of bulk tumor cells, linked to the apoptotic events
found. Immunoblotting analysis further showed that lunasin induced apoptosis through activation of
caspase-3 and cleavage of PARP, and could modulate cell cycle progress through the cyclin-dependent
kinase inhibitor p21. Together, these results provide new evidence on the chemopreventive activity of
peptide lunasin on colorectal cancer by modulating both the parental and the tumorsphere-derived
subsets of HCT-116 cells.

Keywords: colorectal cancer; cancer stem cells; chemoprevention; bioactive peptide; lunasin

1. Introduction

Current statistics on colorectal cancer (CRC) have ranked this disease as the third most commonly
diagnosed malignancy and the fourth leading cause of cancer death in the world [1]. In recent
years, a great deal of research has been focused on CRC pathogenesis. Meanwhile, the existence of
tumor-initiating cells or cancer stem-like cells (CSC) in this solid tumor has been established [2–4].
According to the CSC theory, a minor population of tumor cells is responsible for the driving of
tumorigenesis [5]. These stem cells, like those in adult tissue, undergo unlimited proliferation
and asymmetrically division into more differentiated cells leading to the neoplastic growth and
maintenance [6]. In addition, it has been suggested that this CSC subpopulation might be potentially
responsible for the tumor invasion, metastasis, recurrence, and resistance to therapy [7,8]. Therefore,
the potential of preventive strategies needs to be evaluated not only against CRC cells, representing
the bulk of the tumor mass (non-CSC), but also against colon CSC.
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Accumulating evidence and epidemiological studies have revealed an inverse correlation between
soybean consumption and the risk of CRC development [9,10], that can be in part due to the
chemopreventive effects of the bioactive compounds described in this legume. Several soybean
components including isoflavones [11], saponins [12], and bioactive proteins and peptides, such as
lectins and protease inhibitors [13,14] have been shown to exert protective activities against the growth
of CRC cells. Identified in soybean, lunasin is a bioactive peptide which chemopreventive properties
have been recently reviewed [15]. It has been demonstrated that lunasin is able to cause cytotoxicity in
four different human CRC cell lines, HCT-116, HT-29, KM12L4, and RKO, and their oxaliplatin-resistant
variants [16]. Studies on the mechanisms of action involved in this antiproliferative activity have
been mostly carried out in HT-29 and KM12L4 cells, in which Dia and de Mejia demonstrated
lunasin´s effects on apoptosis-induction, cell cycle progression, and modulation of CRC-related
biomarkers [16–18]. Moreover, García-Nebot and others reported the protective role played by lunasin
in differentiated Caco-2 cells, as a model of human enterocytes, exposed to oxidizing agents through
promoting cell viability and counteracting the rise in reactive oxygen species levels [19]. This notably
antioxidant protection at intestinal level is also a noteworthy aspect, pointing lunasin as a promising
chemopreventive agent against CRC.

The emergence of the CSC model has profound implications on cancer chemoprevention and
the search of natural components targeting these cells has been markedly prompted [20]. Some
dietary compounds and phytochemicals have been shown to potentially interact toward the pathways
involved in the renewal and proliferation of CSC [21–23]. Despite the fact that food proteins and
peptides have received increasing attention for their efficacy preventing the different stages of cancer,
including initiation, promotion, and progression [24,25], their protective role against CSC has been
scarcely studied. Accordingly, this study aimed to evaluate the cytotoxicity of peptide lunasin in
human CRC HCT-116 cells by evaluating its inhibitory capacity on cell viability and CSC-related
tumorsphere forming activity, as well as its effects on apoptosis induction, cell cycle progression, and
carcinogenesis-related protein biomarkers.

2. Results and Discussion

2.1. Inhibitory Effect of Lunasin on Cell Viability and Tumorsphere Formation

In this study, the human HCT-116 cell line was grown in monolayer as parental CRC cells
(Figure 1A) and used for the enrichment of tumor-derived colon-spheres (Figure 1B). We first examined
the growth of adherent HCT-116 cells exposed to lunasin. HCT-116 cells were treated with serial
concentrations of synthetic lunasin (5–160 μM) for 72 h and the number of viable cells was assessed
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. As shown in
Figure 1C, lunasin showed cell proliferation inhibitory properties with increasing effects at higher
doses. Hence, treatment with 10 μM lunasin was able to induce a significant reduction on cellular
growth (12.9%, p < 0.01) compared to control cells. The cytotoxic effect increased up to the highest
concentration used (64.1%, p < 0.001). The IC50 value, expressed as the peptide concentration needed
to inhibit 50% of cell number, was 107.5 ± 1.9 μM. It had been previously demonstrated that lunasin is
able to induce cytotoxicity in colon cancer HCT-116, HT-29, KM12L4, and RKO cells, with IC50 values
of 26.3, 61.7, 13.0, and 21.6 μM, respectively, while it was no toxic for colon fibroblasts CCD-33Co [16].
While these authors used purified lunasin (~90%) from defatted soybean flour, in our study we have
assessed the effects of synthetic lunasin. The higher IC50 value found in our study might be due to
differences in the secondary and tertiary structures between plant-purified lunasin and the synthetic
peptide. Additionally, other compounds present in the natural preparation could be responsible for
the observed change in the inhibitory potency. In this regard, synthetic lunasin has been shown to
suppress the growth of breast cancer MDA-MB-231 cells with a reported IC50 value of 181.0 μM [26].
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Figure 1. Cell culture and cytotoxic effect of lunasin on colorectal cancer (CRC) cells. Representative
images of (A) HCT-116 cells in adherent conditions and (B) enrichment culture of tumor-derived
colon-spheres formed from the parental HCT-116 cell line under anchorage-independent conditions.
(C) HCT-116 cells were treated with lunasin (5–160 μM) for 72 h, and cell viability was determined by
the MTT assay. (D) Colon tumorspheres were treated with lunasin (5–160 μM) for 10 days, stained
with crystal violet solution and counted. Results, expressed as percentage of control cells, are means
± standard deviation (SD) of the replicates of experiments carried out. ** (p < 0.01), *** (p < 0.001)
significantly different from control.

Since colon-sphere subpopulations were demonstrated to exert a key role in the CRC pathogenesis,
the culture of tumor-derived spheroids has been widely used for the evaluation of chemotherapy
drugs and chemopreventive agents [3]. The sphere formation assay is extensively applied as in vitro
method for the derivation and characterization of stem-like cancer cells with intrinsic self-renewal
and tumorigenic properties [27]. To evaluate whether lunasin might prevent the formation of
CRC-derived colon-spheres, we performed the colony formation assay as we did previously [28],
following some modifications to model the enrichment of tumor-derived spheroids in culture. Hence,
colon-tumorspheres were enriched from adherent HCT-116 cells, cultured as non-adherent spheres
under anchorage-independent conditions, and treated with lunasin for 10 days (Figure 1B). As
shown in Figure 1D, lunasin at the lowest range assessed (5–10 μM) was not able to suppress
tumorsphere-forming capacity. Likewise, Pabona and others had reported that while isoflavone
genistein (40 nM) reduced the number of mammosphere-forming units in malignant breast cancer
MCF-7 cells, peptide lunasin (2μM) was not able to recapitulate this inhibitory protection [29]. However,
as represented in Figure 1D, the peptide in the range of 20–160 μM, exerted a significant inhibitory effect
(p < 0.001). Evidence supports that colon-spheres formed by culture in ultra-low attachment conditions
in supplemented-serum-free medium presented more stem-like cell properties [30]. Following this
culture, spheroid formation of DLD-1 and SW480 CRC cells with protein and mRNA expression
of CSC markers including CD133, CD44, ALDHA1, Oct-4 and Nanog, was recently inhibited by
(−)-epigallocatechin-3-gallate [31]. However, the characterization of these markers was not performed
in the present study. The calculated IC50 value for HCT-116-derived spheres in our study was
161.0 ± 2.4 μM, indicating that colony-forming cells are less sensitive to peptide lunasin than parental
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HCT-116 cells (107.5 ± 1.9 μM). These results are in agreement with the reported higher resistance of
CSC to other anti-cancer therapies [7,32]. Similarly, Yang and others have shown that docosahexaenoic
acid (DHA) exerts higher antiproliferative potency on adherent CRC SW620 cells than on their
tumorspheres-derived CSC subpopulation [33]. Nevertheless, in the study of McConnell and others,
it was found that peptide lunasin presented a higher anti-proliferative activity against non-small
cell lung cancer cells when they were assessed under anchorage-independent growth conditions,
compared to anchorage-dependent conditions [34]. In this line, detailed studies on soybean lunasin
effects against melanoma CSC have been recently published [35,36]. These authors found that lunasin
specifically targeted the cancer-initiating subset of melanoma cancer cells, suppressing not only their
oncosphere formation capacity but also the expression of the CSC-markers aldehyde dehydrogenase
and Nanog, while also inducing the expression of melanocyte-associated differentiation markers
tyrosinase and microphthalmia-associated transcription factor. Interestingly, the functional domain
arginine-glycine-aspartic acid (RGD) of lunasin sequence was found to be crucial in the interaction
with integrins, cell internalization, inhibition of histone acetylation and anticancer-stem activity [36].
Therefore, lunasin´s modulatory chemoprevention might notably depend on the lunasin´s preparation
and origin, as well as on the culture conditions and the cell line used. Inhibitory effects of lunasin over
colon-spheres derived from other CRC cell lines apart from HCT-116 cells might be different and thus
should be evaluated in future studies with different types of CRC.

2.2. Apoptosis Analysis of Lunasin-Treated CRC Cells

Tumor cell populations expand in number through several molecular processes such as the
capability of evading programmed cell death by presenting an elevated apoptotic threshold [37]. In
order to determine whether the inhibitory effect of lunasin on HCT-116 cells was through interacting
with the apoptotic pathways, adherent and colon-spheres-derived cells were incubated with lunasin,
and apoptosis detection was assessed by flow cytometry-based Annexin V/propidium iodide (PI)
assay. Annexin V has high affinity for membrane phospholipid phosphatidylserine translocated
to the outer cellular environment as one of the earliest processes during apoptosis. Phospholipid
phosphatidylserine is exposed before the loss of membrane integrity, which can be revealed in later
stages of cell apoptosis or necrosis by the viability dye PI. Based on the lunasin´s inhibitory effects on
HCT-116 cell viability and colon-sphere forming-frequency, the range of 20–80 μM for this peptide was
then chosen as the optimal treatment concentration for subsequent experiments.

Figure 2 presents the apoptotic state of adherent HCT-116 cells under control and lunasin-treated
conditions for 72 h. The apoptotic populations of cells treated with the peptide were significantly
increased (Figure 2A). Lunasin at 20, 40 and 80 μM induced 1.3, 1.7 and 1.8-fold increase of total
apoptotic cells, respectively, compared to control. In the case of lunasin at 40 and 80 μM, cells both in
the early and late apoptotic stages were significantly enhanced. The apoptosis-involved inhibitory role
of lunasin against HCT-116 cells was further addressed by the immunoblotting study of the molecular
proteins PARP and caspase-3. PARP is responsible for the regulation of many cellular functions, such
as key events supporting cell viability and DNA repair [38]. PARP degradation has been shown to
facilitate cellular disassembly, and serve as a marker of cells undergoing apoptosis, with this protein
being the main cleavage target on the activity of the apoptotic trigger caspase-3 [39]. As shown in
Figure 2B, lunasin activated the cleavage of caspase-3 and, consequently, the protein level of full-length
PARP was decreased in lunasin-treated cells. This might be accompanied to increased expression of
cleaved PARP, a hallmark of apoptosis, as we found previously [40]. In this line, Dia and de Mejia
found that lunasin was able to activate the apoptotic mitochondrial pathway in HT-29 and KM12L4
cells, as evidenced by the modulation of Bcl-2/Bax family of proteins, nuclear clusterin, cytochrome
c, and caspases-activity [16,17]. Similar apoptosis-related properties have been reported for this
peptide against the growth of leukemia L1210 cells [41], and breast cancer MCF-7 and MDA-MB-231
cells [29,42].
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Figure 2. Effect of lunasin on the apoptosis state of HCT-116 cells. Cells were treated with lunasin
at the indicated concentrations (20, 40, and 80 μM) for 72 h, and harvested for apoptosis analysis
and Western immunoblotting. (A) Flow cytometry-based Annexin V/PI double labeling of apoptotic
cells. Total apoptotic cells were identified as Annexin V-positive cells (apoptosis state), being Annexin
V-positive/PI-negative and Annexin V-positive/PI-positive cells identified as early apoptotic and late
apoptotic cells, respectively. Results, presented as the increased number in apoptotic cell populations
compared to control cells, are means ± standard deviation (SD) of the replicates of experiments carried
out. * (p < 0.05), ** (p < 0.01), *** (p < 0.001) significantly different from control. (B) Expression of full
length PARP and cleaved caspase-3 proteins determined by Western Blot. The numbers underneath
the blots represent band intensity that was normalized to β-actin and measured by Image J software
(means of duplicates, and standard deviations within ± 15% of the means were not shown). β-actin
was served as an equal loading control for cytosolic fraction.

We next aimed to determine whether the apoptosis-inducing property was also involved in the
suppression of the spheroid-forming capacity of HCT-116 cells. Colon-spheres were treated with
lunasin for 7 days and apoptosis detection was examined as shown in Figure 3. Results from the flow
cytometry study after staining with Annexin-V/PI showed that lunasin led to induction in the cellular
apoptotic state (Figure 3A,B). The raise in the number of apoptotic cells was not significantly promoted
at lunasin 20 μM. However, lunasin both at 40 and 80 μM exerted a 2.0-fold apoptosis-induction
effect, mostly in the late apoptotic cellular subset, independently of the dose. As shown in Figure 3C,
the implication of the mechanism responsible for the inhibitory effect of lunasin peptide against
the expansion of the HCT-116-derived colon-spheres was further demonstrated by immunoblotting.
Again, cleaved caspase-3 activity was induced by lunasin treatment, with this activation being
companied by a decrease of PARP protein levels. Our results suggested a dose-dependent trend in
the down-regulated levels of PARP protein after lunasin treatment. However, this was not the case
for cleaved caspase-3, which is more related to the inhibitory effects shown in the MTT assay and,
mostly, over the spheroid-forming capacity where peptide lunasin displayed a ca. 30–40% inhibitory
effect for the dose range of 20–160 μM. Therefore, in the present study, it has been suggested that
lunasin has similar effects in the apoptosis-induction of both populations of CRC HCT-116 cells. In
this sense, other food/natural compounds and phytochemicals have demonstrated to exert similar
inhibitory effects through apoptosis induction against the expansion of the CSC subpopulation not
only in CRC [33,43,44], but also in pancreatic and prostate cancer cells [45,46].
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Figure 3. Effect of lunasin on the apoptosis state of colon tumorspheres. Cells were treated
with lunasin at the indicated concentrations for 7 days, and harvested for apoptosis analyses and
Western immunoblotting. (A) Flow cytometry-based Annexin V/PI double labeling of apoptotic cells.
(B) Total apoptotic cells were identified as Annexin V-positive cells (apoptosis state), being Annexin
V-positive/PI-negative and Annexin V-positive/PI-positive cells identified as early apoptotic and late
apoptotic cells, respectively. Results, presented as the increased number in apoptotic cell populations
compared to control cells, are means ± standard deviation (SD) of the replicates of experiments carried
out. * (p < 0.05) significantly different from control. (C) Expression of full length PARP and cleaved
caspase-3 proteins determined by Western Blot. The numbers underneath the blots represent band
intensity that was normalized to β-actin and measured by Image J software (means of duplicates, and
standard deviations within ± 15% of the means were not shown). β-actin was served as an equal
loading control for cytosolic fraction.

2.3. Effect of Lunasin on Cell Cycle Progression of CRC Cells

To provide further insights into the growth inhibitory effects exerted by lunasin in HCT-116
cells, analyses on cell cycle distribution were performed on both adherent cells and colon-spheres
after treatment with lunasin for 72 h and 7 days, respectively. Deregulation of cell cycle control and
potential to replicate without limit are one of the hallmarks of cancer, with all these events being highly
regulated by internal checkpoints that ensure the proper cellular division [35]. As shown in Figure 4A,
control adherent HCT-116 cells were found to significantly increase their G1 phase (66.5 ± 1.7%) after
lunasin´s treatment (20 μM lunasin, G1: 70.2 ± 0.3%, p < 0.05; 40 μM lunasin, 70.5 ± 0.7%, P < 0.05;
80 μM lunasin, 72.0 ± 1.2%, p < 0.01). Interestingly, as represented in Figure 4B, lunasin-treated
cells also resulted in a marked accumulation of the sub-G0/G1 cell population, compared to control
cells. Cells at the sub-G0/G1 fraction contain less amount of DNA than G1 cells, suggesting DNA
degradation potentially caused by apoptotic events [47]. This effect had also been demonstrated for
peptide lunasin in leukemia L1210 cells [41] and is in agreement with our results on apoptosis-induction
in HCT-116 cells (Figure 2). On the other hand, our findings differ with other studies showing the
capability of this peptide to arrest cell cycle at S-phase in breast cancer MDA-MB-231 cells [42], and
at G2-phase in leukemia L1210 cells [41] and CRC HT-29 and KM12L4 cells [16,17]. However, other
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RGD-motif-containing peptides have been also reported to result in a G0/G1-phase arrest in cancer
cells [48]. Noteworthy, different cancer cells might respond differently to lunasin peptide accordingly
to their diverse tumor phenotype. Moreover, regarding to the colon tumorspheres (Figure 5A), lunasin
at 80 μM also led to an enhancement of G1-arrest (74.0 ± 0.6%, p < 0.001), accompanied with a
reduction in the S-cellular subset (14.3 ± 0.9%, p < 0.05), compared to control cells (G1: 69.4 ± 0.6%;
S: 16.4 ± 0.9%). This effect might be related to the antiproliferative and pro-apoptotic activities above
indicated. However, 20–40 μM-treated colon-spheres showed a similar trend but in a weaker manner,
lacking statistical significance in this dose range.

Figure 4. Effect of lunasin on cell cycle progression of HCT-116 cells. Cells were treated with lunasin at
the indicated concentrations for 72 h, and harvested for cell cycle analysis and Western immunoblotting.
(A) Cell cycle distribution was assessed by flow cytometry using PI staining. Results, presented as
percentage of cells in G1, S, and G2 phases, are means ± standard deviation (SD) of the replicates of
experiments carried out. * (p < 0.05), ** (p < 0.01) significantly different from control. (B) Representative
images of lunasin-induced increase in the sub-GO/G1 cell population (black arrow). (C) Expression of
p21Waf1/Cip1 protein determined by Western Blot. The numbers underneath the blots represent band
intensity that was normalized to β-actin and measured by Image J software (means of duplicates, and
standard deviations within ± 15% of the means were not shown). β-actin was served as an equal
loading control for cytosolic fraction.
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Figure 5. Effect of lunasin on cell cycle progression of colon tumorspheres. Cells were treated with
lunasin at the indicated concentrations for 7 days, and harvested for cell cycle analyses and Western
immunoblotting. (A) Cell cycle distribution was assessed by flow cytometry using PI staining. Results,
presented as percentage of cells in G1, S, and G2 phases, are means ± standard deviation (SD) of the
replicates of experiments carried out. * (p < 0.05), *** (p < 0.001) significantly different from control.
(B) Expression of p21Waf1/Cip1 protein determined by Western Blot. The numbers underneath the
blots represent band intensity that was normalized to β-actin and measured by Image J software
(means of duplicates, and standard deviations within ± 15% of the means were not shown). β-actin
was served as an equal loading control for cytosolic fraction.

To further explain lunasin´s effect on cell cycle progression, evaluation of the expression of the
cyclin-dependent kinase (CDK) inhibitors p21Waf1/Cip1 and p27Kip1 was performed by Western Blot.
Treatment of CRC cells with lunasin showed no effect on the level of p27 (data not shown), while it
slightly increased the molecular expression of p21 protein up to 140% and 120% in adherent HCT-116
cells (Figure 4C) and colon-spheres CSC (Figure 5B), respectively. A consistent role of lunasin over
these molecules cannot be thus extracted from our results. CDK-inhibitors p21 and p27 are two
important cell cycle regulators at the G1-phase known to be usually co-regulated, although they have
shown paradoxical roles in the literature [49]. In non-small cell lung H661 cancer cells, expressing a
mutated form of p53 and thus low non-inducible levels of p21, McConnell and co-workers recently
found that peptide lunasin also blocked cell cycle at the G1/S-phase through CDK-inhibitor p27 as
well as by disrupted phosphorylation of the retinoblastoma protein [34]. Regarding studies on CRC,
Dia and de Mejia reported lunasin´s capability to induce the expression of the CDK-inhibitor p21 in
HT-29 and KM12L4 cells, and linked this effect with a decreased cell proliferation, cell cycle arrest, and
up-regulation of the pro-apoptotic markers caspase-3 and nuclear clusterin isoform [16,17]. In these
studies, CDK-inhibitor p27 induction was also demonstrated in KM12L4 cells [16] although it was not
evaluated in the HT-29 cell line [17].

In order to provide more evidence on the cancer-preventive role of bioactive peptide lunasin,
specifically against the CRC malignancy, some studies have been carried out. In the highly metastatic
KM12L4 cell line, Dia and de Mejia demonstrated that lunasin is able to internalize into the cell and sit
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within the nucleus, to modify the expression of human extracellular matrix and cell adhesion genes by
binding to α5β1 integrin, and also to inhibit the FAK/ERK/NF-κB signaling pathway [16,18]. Indeed,
peptides containing the RGD-motif can bind integrins and block their signaling pathways involved
in cell adhesion, invasion and extracellular matrix components, mechanisms by which lunasin has
recently shown inhibitory and anti-metastatic effects in some cancer models [15,50]. Studies have
found that lunasin inhibits non small cell lung cancer cell proliferation acting as antagonist of αv
integrin and histone acetylation modulatory agent [32,51]. Similarly, lunasin inhibited the migration
and invasion properties of breast cancer cells via integrin-mediated FAK/Akt/ERK and nuclear factor
(NF)-κβ pathways, and suppression of matrix metalloproteinases 2 and 9 [52]. The in vivo effect
of this peptide was suggested in the CRC liver metastasis mice model by Dia and de Mejia [53],
although disagreements between intraperitoneally- and orally-administered findings made it hard
to establish a definitive lunasin´s role on preventing the CRC liver metastasis. Regarding the in vivo
efficacy of lunasin against CSC, lunasin impaired the tumor growth initiated by CSC in a melanoma
xenograft mouse model [35] and also suppressed the ability of these cancer-initiating cells to invade
and proliferate in the lung of an experimental model of melanoma metastasis using B16-F10 cells [36].

3. Materials and Methods

3.1. Materials

Peptide lunasin was synthesized by Chengdu KaiJie Biopharm Co., Ltd. (Chengdu, China).
Its purity (>95%) was confirmed by liquid chromatography (HPLC) coupled to mass spectrometry
(HPLC-MS).

3.2. Cell Lines

The human CRC cell line HCT-116 was obtained from American Type Cell Collection
(ATCC, Manassas, VA, USA), and maintained in RPMI medium (ATCC) supplemented with 5%
heat inactivated fetal bovine serum (FBS; Mediatech, Herndon, VA, USA), 100 units/mL penicillin,
and 0.1 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cells were grown in a
humidified incubator containing 5% CO2 and 95% air at 37 ◦C, kept sub-confluent, and medium
was changed every other day. All cells were assayed within 5–25 passages. Enrichment culture of
tumor-derived colon-spheres was performed by incubating parental HCT-116 cells in serum-free
medium (SFM) composed of DMEM/F-12 medium supplemented with 2% B-27 supplement, 20 ng/mL
recombinant human epidermal growth factor, 10 ng/mL fibroblast growth factor-basic (Life Technologies,
Grand Island, NY, USA), 100 units/mL penicillin, 0.1 mg/mL streptomycin, and 10 μg/mL insulin
(Sigma-Aldrich) in ultra low-attachment plates (Corning, Lowell, MA, USA) at 37 ◦C. Plated under
these anchorage-independent conditions in supplemented-SFM, tumor cells form floating spheres
reported to represent the growth of CSC [27,31,54].

3.3. Cell Proliferation Assay

HCT-116 cells were seeded in 96-well plates (1.1 × 104 cells/mL). After 24 h incubation, cells were
treated with different concentrations of lunasin ranging from 5 to 160 μM. After 72 h treatment, cell
viability was determined by the MTT assay. Treatment medium was replaced by 200 μL of fresh
medium containing 0.5 mg/mL MTT (Sigma-Aldrich). After 1 h incubation at 37 ◦C, MTT-containing
medium was removed and the reduced formazan dye was solubilized by adding 100 μL of dimethyl
sulfoxide to each well. After gently mixing, the absorbance was read at 570 nm using a microplate
reader (Elx800TM, BioTek Instrument, Winooski, VT, USA). The results were expressed as percentage of
the control, considered as 100%. Experiments were carried out in triplicate with at least three replicates
per concentration.
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3.4. Tumorsphere Formation Assay

To examine the effect of lunasin on the formation of tumorspheres derived from CRC HCT-116
cells, cells were grown in SFM and plated as single cells in ultra low-attachment 24-well plates
(6 × 103 cells/mL). Right after seeding, cells were treated with different concentrations of lunasin
ranging from 5 to 160 μM and incubated at 37 ◦C for 10 days. After that time, tumorspheres were
formed and transferred to 6-well dishes in differentiating medium (RPMI supplemented with 5%
FBS and 1% antibiotics). Under these conditions, tumorspheres were adhered after 24 h incubation.
Then, cells were stained with crystal violet solution (0.2% crystal violet in 2% ethanol) for 20 min at
room temperature, photographed and counted. Results were presented as percentage of tumorspheres
forming cells compared to control, considered as 100%. Analyses were performed in triplicate with at
least three replicates per concentration.

3.5. Detection of Apoptosis

Apoptotic cells were quantified by Annexin V/PI double staining using an apoptotic detection
kit (BioVision, Mountain View, CA, USA) according to manufacturer’s instruction, followed by flow
cytometry. HCT-116 cells (4 × 104 cells/mL) and colon tumorspheres (3 × 103 cells/mL) were seeded
onto 6-well plates and treated (20–80 μM lunasin) as described above. After 72 h treatment, HCT-116
cells were collected as described by Qiu and others [55]. In the case of colon tumorspheres, after
7 days treatment, floating cells in medium were collected in ice-cold flow cytometry tubes. After
centrifugation (2000 × g, 2 min), single-cell suspensions were generated by incubation with 0.5 mL
trypsin (0.25% trypsin-ethylenediaminetetraacetic acid, EDTA, Sigma-Aldrich) and 1 mL medium
for 5 min at 37 ◦C, and gentle pippeting. Afterwards, in both cell cultures, cell suspensions were
centrifuged (2000 × g, 2 min) and washed twice with 0.5 mL ice-cold phosphate buffer saline (PBS).
Then, cells were suspended in 0.3 mL binding buffer containing Annexin V and PI, and incubated
for 15 min at room temperature in the dark. Total apoptotic cells were identified using a BD LSR II
cell analyzer (BD Biosciences, San Jose, CA, USA) as Annexin V-positive cells (apoptosis state), being
further identified based on PI staining as early apopototic cells (Annexin V-positive/PI-negative) or late
apoptotic-necrotic cells (Annexin V-positive/PI-positive). At least 10,000 events were recorded to assess
the percentage of apoptotic cells. Analyses were performed in duplicate with at least three replicates
per concentration, and results were presented as the increased number in apoptotic cell populations,
compared to control cells.

3.6. Cell Cycle Analyses

HCT-116 cells and colon tumorspheres were treated as described for the apoptosis detection assay.
After 72 h treatment, HCT-116 cells were collected as described by Qiu and others [55]. In the case of
colon tumorspheres, after 7 days treatment, cells were collected as described for apoptosis detection
assay with some modifications. Briefly, floating tumorspheres in medium were collected, centrifuged,
and single-cell suspensions were generated, washed with ice-cold PBS, and then fixed in 1 mL of 70%
ethanol and kept at −20 ◦C overnight. After centrifugation (2000× g, 2 min), cells were washed with
0.5 mL PBS, and incubated with 0.3 mL PBS solution containing RNAse (10%; Sigma-Aldrich) and PI
(1%; BioVision) for 25 min at room temperature in the dark. Cell cycle distribution was analyzed with
at least 8000 events recorded using a BD LSR II cell analyzer (BD Biosciences), and data were processed
using ModFit LT software. Analyses were performed in duplicate with at least three replicates per
concentration, and results were presented as percentage of cells in G1, S, and G2-phases.

3.7. Immunoblotting

HCT-116 cells (3.5 × 104 cells/mL) were seeded in 10 cm cell culture dishes. Colon tumorspheres
were seeded exactly same as described for apoptosis assay. After 72 h treatment (20–80 μM lunasin),
HCT-116 cells were collected and whole-cell lysates were prepared as previously described [53]. In the
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case of colon tumorspheres, after 7 days-treatment (20–80 μM lunasin), cells were collected following
the same procedure with some modifications. Briefly, floating tumorspheres in medium were collected,
centrifuged, and washed with ice-cold PBS. Then, cells were incubated on ice for 30 min in RIPA lysis
buffer containing a protease inhibitor cocktail (Boston BioProducts, Ashland, MA, USA), and processed
as previously described [56]. Supernatants were collected and protein content was quantified by the
bicinchoninic acid method (Pierce, Rockford, IL, USA), using bovine serum albumin as standard protein.
Equal amount of proteins (50–70 μg) were resolved over 12% SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. After blocking, membranes were incubated with different
monoclonal primary antibodies overnight at 4 ◦C, according to manufacturer’s instructions. Primary
antibodies for cleaved caspase-3 (Asp175), full-length PARP, p21Waf1/Cip1, and p27Kip1 were from Cell
Signaling Technology (Beverly, MA, USA). β-actin was used as a loading control of cytosolic fraction,
and its antibody was from Sigma-Aldrich. After 1 h incubation with the appropriate secondary
antibodies (goat anti-mouse IgG, and goat anti-rabbit IgG IRDye (LI-COR Biosciences, Lincoln, NE,
USA)), proteins of interest were visualized using enhanced chemiluminescence (Boston Bioproducts),
processed with Image J Software and analyzed as we previously described [40].

3.8. Statistical Analysis

Data were evaluated using one-way ANOVA followed by Bonferroni post hoc test and expressed
as the mean ± standard variation (SD) of the different experiments carried out. GraphPad Prism
5.0 software (San Diego, CA, USA) was used to perform statistical analyses. Differences with a
p value < 0.05 (*), p value < 0.01 (**) or p value < 0.001 (***) were considered significant.

4. Conclusions

In the present study, our cellular model allowed us to approach the study of peptide lunasin
towards the ideal evaluation of cancer-preventive agents by targeting both the parental and the stem-like
tumorigenic populations. The protective mechanisms on lunasin-treated cells can be postulated in
terms of inhibition of cell growth and tumorsphere-forming activity, induction of apoptosis, and
regulation of cell cycle progression. The recent CSC hypothesis has supposed a challenge on the search
of chemotherapeutic agents that efficiently target fast diving cancer cells as well as CSC responsible for
the growth and maintenance of the tumorigenic bulk mass. To the best of our knowledge, this is the
first study that suggests a protective role of lunasin against the formation of colon-spheres derived
from CRC cells, specifically the HCT-116 cell line. The potential of bioactive peptides against the CSC
subpopulation deserves additional studies characterizing CSC markers in more cellular models. Before
concluding on lunasin´s effects over CSC, the promising results of this work clearly need to be further
addressed to elucidate the molecular basis of the tumorsphere-inhibitory activity, to study its potential
on stem-related markers and signaling pathways, such as Wnt/β-catenin, Hedgehog and Notch, and to
confirm this role by using in vivo models of CSC self-renewal.
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Abstract: Food peptides contain a very wide range of diversified structures, which explains their
diverse range of functional activities. Proatherogenic endothelium is related to vasoconstriction,
inflammation, and oxidative stress. In this line, four synthetic bioactive peptides from dry-cured pork
ham, previously identified according to their Angiotensin I Converting Enzyme (ACE) inhibitory
capacity and high bioavailability, were tested. Among them, KPVAAP displayed an estimated IC50

of 59.22 μM for human ACE inhibition, and docking simulations demonstrated the consistency
of the noncompetitive binding with the protein. The addition of synthetic peptides to human
endothelial cells significantly prevents the expression of genes related to endothelial dysfunction and
inflammation (eNOS, ICAM-1, VCAM-1, IL-6) and lowers NF-κB activation (all p < 0.05). In silico
dockings showed that the four bioactive peptides interact with the regulatory subunit NEMO of
the NF-κB transcription factor at the same site as other characterized inhibitors (CC2-LZ region).
This is the first study linking experimental and computational approaches that shows NF-κB to be the
target of biopeptides of food origin. These multifunctional peptides from dry-cured pork ham make
them good candidates for further research into their therapeutic or preventive use to attenuate the
inflammatory atherosclerotic process.

Keywords: bioactive peptides; inflammation; NF-κB; dry-cured pork ham; angiotensin I converting
enzyme; endothelial dysfunction; molecular blind docking

1. Introduction

The endothelium is an important regulator of vascular homeostasis and an essential part of
the cardiovascular (CV) system, participating in all aspects of pathophysiological processes such as
muscular tone, inflammation, thrombosis, or vascular wall remodeling [1]. Tumor necrosis factor-α
(TNF-α) is a potent proinflammatory cytokine that triggers the canonical activation of the transcription
nuclear factor-κB (NF-κB) and the endothelial gene expression of adhesion molecules, cytokines, and
fibrinolytic proteins among others [2]. NF-κB is crucially involved in the pathogenesis of inflammatory
diseases and represents a target for treatment. The canonical pathway is strictly regulated and involves
various steps including the phosphorylation, ubiquitination, and degradation of the IκB kinase (IKK)
complex, which leads to the nuclear translocation of the p50 and p65 subunits of NF-κB [3]. Small
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molecules such as peptides have been shown to bind with high affinity protein kinases, phosphatases [4]
and inhibit ubiquitination which could explain their potential as NF-κB inhibitors [5].

Levels of inflammatory biomarkers are increased in common pathological conditions such as
hypertension, hyperlipidemia, physical inactivity, among others [6]. In this last respect, beneficial
dietary habits, which include anti-inflammatory and antioxidant foods, have gained in popularity
for the prevention of cardiovascular diseases (CVD). Many experimental studies have documented
that small sequence peptides are released during gastrointestinal digestion, food processing, and
the microbial proteolysis of proteins [7]. Depending on the sequence of amino acids, these bioactive
peptides (BP) can exhibit different biological activities [8], mainly through pathways that are still not
clearly understood. Bioactive peptides have attracted a lot of scientific interest due to their wide range
of biofunctional properties [9]. The inhibition of Angiotensin I-converting enzyme (ACE) is a widely
studied effect of BP from pork meat [10], and many of these BP show high bioavailability [11]. However,
few mechanistic studies have looked at possible functional properties other than ACE inhibition. In a
previous clinical study, our group suggested a link between the regular consumption of dry-cured
pork ham with its characteristic BP and an improvement in the inflammatory status [12].

The present study aims to confirm a robust cause and effect relationship between BP from
dry-cured pork ham and beneficial physiological effects related to CV health in humans. For that
purpose, changes in human ACE activity, endothelial dysfunction gene expression, NF-κB activation,
oxidative and apoptotic markers were tested. In addition, molecular modelling was used to establish
novel peptide-NF-κB interactions at the molecular level, which has not been attempted before. The
current findings suggest that BP from dry-cured pork ham bind to the NEMO subunit of the IKK
complex and might suppress the NF-κB-dependent gene expression in vitro.

2. Results

2.1. Peptides with Human in Vitro ACE Inhibitory Activity

The inhibitory activity of human overexpressed endothelial ACE was assayed in transfected cells
(Figure S1), with the results expressed as IC50 (Table 1). By HPLC it was revealed that BP1 (KPVAAP)
is a potent inhibitor of ACE activity with an estimated IC50 of 59.22 μM, making it 16 times more
effective than BP2 and BP4 with an estimated IC50 > 1000 μM. BP3 also displayed a high IC50 of 485
μM. The initial linear dose-response pointed to the higher ACE inhibitory activity of BP1 and BP3 but
was not directly comparable to the inhibitory effect of captopril on a weight-basis (IC50 below 10 μM).

Table 1. Angiotensin I-converting enzyme (ACE) inhibitory peptides derived from dry-cured pork
ham: sequence, estimated IC50 value and interaction score. Captopril (10 μM) inhibition was used to
represent 100% inhibition of ACE activity under the assay conditions.

Bioactive Peptide Sequence Source of Protein IC50 (μM) Interaction Score

PEPTIDE 1 (BP1) KPVAAP Myosin-XV 59.22 ± 3.8 −8.1

PEPTIDE 2 (BP2) KAAAATP PR domain Zinc
Finger Protein 2 >1000 −7.1

PEPTIDE 3 (BP3) KPGRP Titin 485.50 ± 43.47 −8.2

PEPTIDE 4 (BP4) AAATP PR domain Zinc
Finger Protein 2 >1000 −7.1

Data from three independent experiments are expressed as mean ± SD. Specific ACE activity was expressed as
μmoles of substrate HHL converted to the product HA per unit of time and normalized for protein content (units
per microgram of protein).
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2.2. Peptides Penetrate in the Catalytic Active Site of ACE

Docking simulations were carried out (Figure 1) to provide insight at atomic level into the
interactions established between the different peptides, captopril, and the active site of human ACE
(PDB: 4APJ) [13]. The four peptides (BP1, BP2, BP3, BP4) and captopril were able to bind to the protease
with interaction scores of −8.1, −7.1, −8.2, −7.1, and −8.2 kcal/mol, respectively (Table 1). The area of
the hydrophobic interactions and/or the establishment of hydrogen bonds (Figure 1) depend on their
distinct sequences and resulting interaction patterns. Figure 1F shows that BP1 occupied the S1 and
S2 subsites (near the active site), while the commercial antihypertensive drug, captopril, was found
deeper inside the active site of ACE.

Figure 1. Depiction (in 2D) of the molecular docking between catalytic residues from the active site
of ACE (PDB: 4APJ) and the bioactive peptides. (A) Peptide 1 (BP1) KPVAAP, (B) Peptide 2 (BP2)
KAAAATP, (C) Peptide 3 (BP3) KPGRP, and (D) Peptide 4 (BP4) AAATP. (E) Captopril. (F) The
superposition (in 3D) of BP1 (in purple) and captopril (in yellow) in stick representation. Continuous
green lines represent hydrophobic interactions, while black dashed lines show hydrogen bonds.
The absence of hydrophobic stabilization in the case of BP4 (D) might explain its high IC50 value.
Moreover, BP2 (B) showed small hydrophobic interaction areas compared with BP1 (A) and BP3 (C),
which contained voluminous hydrophobic groups.

2.3. Peptide Effects in Inflammatory Conditions

2.3.1. Peptides Affect Gene Expression in Inflammatory Conditions

To define the stimulatory conditions in which endothelial cells express high levels of adhesion
and inflammatory markers, EA.hy926 cells, a well-established endothelial model of large vessel
endothelium, were treated with 10–200 ng/mL of the prototypic inflammatory cytokine TNF-α [14,15].
To develop an optimal inflammatory cell model with TNF-α-stimulated cells and investigate its
response to anti-inflammatory BP, doses (10, 50, and 100 ng/mL) and durations (6 h and 12 h) of
TNF-α treatment were optimized. Since the increase in protein expression reached a maximum at 6 h,
further experiments were performed in EA.hy926 cells after 6 h of treatment with 100 ng/mL TNF-α.
Incubation with TNF-α rapidly increased the transcription of ICAM-1, VCAM-1, and IL-6 genes and
decreased eNOS expression compared with control conditions (all p < 0.05) (Figure 2). However,
the addition of 300 μM synthetic peptides significantly prevented ICAM-1 mRNA overexpression in
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TNF-α activated cells (p < 0.05) (Figure 2A). In addition, BP2, BP3, and BP4 also downregulated the
expression of VCAM-1 mRNA after stimulation with TNF-α (p = 0.01; p = 0.03; p = 0.02, respectively)
(Figure 2B). Treatment with the four peptides produced a similar effect on IL-6 mRNA expression (all
p < 0.05) (Figure 2C), while eNOS mRNA expression only recovered after treatment with BP1 and BP2
(p = 0.0003 and p = 0.04, respectively) (Figure 2D). Importantly, the treatment using 300 μM synthetic
peptides alone—without stimulation—did not significantly alter the cell expression of these four genes
or their viability compared to control conditions (Figures S2 and S3A, respectively).

Figure 2. Relative mRNA expression of (A) ICAM-1, (B) VCAM-1, (C) IL-6, (D) eNOS in Ea.hy926
cells after treatment with 100 ng/mL TNF-α and 300 μM synthetic peptides. Data shown represent
averaged values of three independent experiments. The asterisks *, **, and *** indicate statistically
significant differences compared with unstimulated cells (p < 0.05, 0.01, or 0.001, respectively). #, ##,
or ### indicate statistically significant differences compared with stimulated cells (p < 0.05, 0.01, or
0.001, respectively).

2.3.2. Peptides Affect Protein Expression in Inflammatory Conditions

The corresponding flow cytometry (FACS) analysis pointed to an increase in ICAM-1 mean
fluorescence intensity (MFI) on the cell surface after TNF-α stimulation (p = 0.0003) (Table 2).
The coincubation of synthetic peptides (BP1, BP2, and BP4) and TNF-α resulted in a reduced ICAM-1
surface density compared to TNF-α activated cells (all p < 0.05) (Table 2, Figure S4B). Despite the higher
number of VCAM-1 positive cells, the surface staining of VCAM-1 was hardly detectable even after
TNF-α stimulation and no effect was found after the addition of synthetic peptides to the activated
cells (Figure S4C). Peptide treatment alone did not impair the MFI of adhesion molecules compared to
control conditions.

302



Int. J. Mol. Sci. 2019, 20, 4204

Table 2. Mean fluorescence intensity (MFI) of ICAM-1 surface expression in inflammatory conditions
measured by flow cytometry.

ICAM-1 MFI p Value

Control 71.36 ± 8.31

TNFα 1271.91 ± 158.54 0.0003
TNFα + BP1 1151.37 ± 59.53 0.03
TNFα + BP2 1064.42 ± 32.02 0.009
TNFα + BP3 1203.01 ± 279. 89 0.09
TNFα + BP4 926.01 ± 152.46 0.04

ICAM-1: Intercellular Adhesion Molecule-1; VCAM-1 Vascular Adhesion Molecule-1; TNF-α: Tumor Necrosis Factor
α; BP: Bioactive peptide. Data from six independent experiments are expressed as mean ± SD. TNF-α stimulated
cells are compared to control conditions, and preincubations with 300 μM synthetic peptides are compared to 100
ng/mL TNF-α alone.

The intracellular protein expression of ICAM-1 in the same conditions as above was confirmed by
western blot (Figure S4D). Treatment with three of the four peptides (BP2, BP3 and BP4) consistently
resulted in a lower production of ICAM-1 protein, compared with that produced after TNF-α stimulation
(p < 0.01) (Figure S4D). No intracellular VCAM-1 was detected in these cells using the same approach.

2.4. Effect of Peptides in Oxidative Conditions

2.4.1. Peptides Do Not Affect Cell Viability and Apoptosis after Treatment with H2O2

To explore the role of synthetic peptides in oxidative conditions, the endothelial cell function was
impaired by means of high H2O2 concentrations, as it has been previously reported [16,17]. Treatment
with synthetic peptides did not improve cell viability after the H2O2 treatment (Figure S3B). Moreover,
300 μM H2O2 caused 10% apoptosis (AnV+, PI−cells) and 18% necrosis (AnV+, PI+ cells), and BPs
were unable to improve this cytotoxic effect (Table S1).

2.4.2. Peptides Slightly Affect the Oxidative Status

The mRNA expression of the redox enzymes, IL-6 and BAX, were analyzed by RT-PCR, after 16
h of preincubation with synthetic peptides followed by 24 h with 300 μM H2O2 (Figure S5). In the
presence of H2O2, the expression of eNOS increased 3.3-fold (p = 0.01). Pretreatment with synthetic
peptides did not affect the expression of the redox enzymes in oxidative conditions. Consistent with
this, H2O2 upregulated IL-6 mRNA expression 1.84-fold (p = 0.001), independently of the presence of
synthetic peptides. The proapoptotic gene BAX showed a 1.5-fold increase in expression after H2O2

treatment (p = 0.02) and synthetic peptides did not modify the previously obtained expression levels.
Subsequently, the effect of synthetic peptides on protein carbonylation was determined by

immunoblotting assay, which showed that the protein carbonylation levels significantly increased
after only 30 min of H2O2 treatment. In the presence of BP1 and BP3, the basal oxidative status was
maintained (Figure S6) (all p < 0.05). The overall protein carbonylation level of unstimulated cells was
like that seen in the presence of peptides alone, except in the presence of BP3, when it was even lower
(Figure S6).

2.5. Peptides Decrease NF-κB Activity

To evaluate whether the synthetic peptides could modulate the NF-κB biological activity, a
luciferase reporter assay was carried out, using the Renilla reporter as a specificity control and
indicator of cell proliferation [18]. In this study, NF-B activity was induced at a lower concentration
of TNF-α (50 ng/mL) because of the high sensitivity of the approach. The normalized firefly/Renilla
luciferase activity was reduced by around 25% of the activity when cells were pretreated with the BP1
(p = 0.002), BP2 (p = 0.003), and BP3 (p = 0.003) synthetic peptides (Figure 3). The NF-κB luciferase
activity was also repressed by BP4 to a lesser degree (p = 0.012). The basal activity for NF-κB was not
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inhibited by synthetic peptides without TNF-α stimulation (data not shown). These results suggest
that synthetic peptides may target events needed for NF-κB activation, rather than other transcription
factor activations.

Figure 3. Activation of NF-κB after treatment with 50 ng/mL TNF-α and 300 μM synthetic peptides.
Ea.hy926 cells were transfected with NF-κB:Luc together with the pRL-CMV (10:1) reporter vectors.
The normalized luciferase activity (firefly/Renilla) was measured using the Dual-Luciferase Reporter
Assay in extracts from control, TNF-α, and synthetic peptide-treated cells. Upper and lower bars of
box plots represent the 25th and 75th percentiles, respectively. Median is represented as the bar inside
the box plot. The data shown represent values of three independent experiments (dots). The asterisks
** indicate statistically significant differences compared with stimulated cells (p < 0.015). The BP
treatment prevented TNF-α-induced proinflammatory NF-kB activation by 25%.

2.6. Peptides Bind to the Subunit NEMO

Blind docking approaches were used to model peptide binding interactions with the regulatory
subunit of NF-κB, NEMO. In silico docking calculations support the potential binding of the four
distinct peptides around the residue Glu315, which is crucial for functional assessment and could impair
IKK recruitment through competition with the Lys63-linked poly-Ub (Table 3) [19]. The theoretical
interactions of these BP and the NF-κB inhibitors are shown (Table 3A,B). Interestingly, BP1–4 efficiently
bound to the same site as the anthraquinone derivative of the natural emodin (iNUB) (Table 3A,B).
Indeed, the UBI peptide and BP1–4 were all found in the ubiquitin binding motifs of 4BNW and 3JSV
(Table 3A,B, respectively and Figure 4). When the CCL-Z2 region displayed Lys63-linked poly-Ub
(PDB: 3JSV), peptide binding appeared to be weaker due to the absence of hydrogen bonds, except in
the case of BP2 (Table 3B).
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Table 3. Blind docking simulation results showing the main residues involved in the interactions with
the docked BP and compounds. (A) Docking to 4BWN PDB. (B) Docking to 3JSV PDB. Common
residues are marked in bold.

A Ligand PDB Code Hydrogen Bonds Hydrophobic

BP1 4BWN ALA314A, GLU315A, GLN317A ALA314A, ALA318A

BP2 4BWN ASP311A, GLN313A, ALA314A, GLU315A,
GLN317A PHE312B

BP3 4BWN ASP311A, GLU315A, LYS326B, GLU327B ALA314A, LYS325A
BP4 4BWN ALA314A, GLN317A

iNUB 4BWN LYS326B, GLU327B LYS321A, ALA323B
UBI

peptide 4BWN GLU315B, GLN317A, ARG319A, GLU320A,
LYS321A,

GLN317A, ALA318A,
GLU320A, LYS321A, ALA323A

B Ligand PDB Code Hydrogen Bonds Hydrophobic

BP1 3JSV THR55A, SER57A, ASP58A, ASN60A
BP2 3JSV ASP39A, GLY76A PRO37A
BP3 3JSV LYS63B, SER65B
BP4 3JSV GLU18B, LYS63B, ARG74A, ARG312D

iNUB 3JSV ARG312D ALA311C, LEU315C, VAL316D,
LYS319D

UBI
peptide 3JSV GLU24A, ASN25A, ASP39A, ARG42A,

LEU50A, ASP52A, GLY53A, GLN62B, GLU64B
THR22A, GLU 24A, PRO38A,
GLY53A, THR55A, GLU64B

iNUB is an anthraquinone derivative (8-hydroxy-9,10-dioxo-9,10-dihydro-1-anthracenyl 2-phenylcyclopropanecarboxylate).
UBI peptide: LKAQADIYKARFQAERHAREK (21 residues).

Figure 4. Blind docking of the UBI peptide and BP1 in the CCL-Z2 binding domain of NEMO. (A) 4BNW
without linked ubiquitins. (B) 3JSV complexed with Lys 63-linked poly-ubiquitin. The superposition
of UBI peptide and BP1 (in blue) is shown. In silico docking calculations support the potential
binding of the four distinct BP, which could impair IKK recruitment through competition with the
Lys63-linked poly-ubiquitin.
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3. Discussion

Numerous reports have identified stable peptides with high ACE-inhibitory activity from pork
dry-cured ham after gastrointestinal digestion [11,20]. Four of them were synthetized chemically
(KPVAAP, KAAAATP, KPGRP, and AAATP) for the current experimental studies with human
endothelial cells. The synthetic peptides were much more effective ACE inhibitors when purified
rabbit ACE was used in vitro: KPVAAP (BP1, 12.37 μM), KAAAATP (BP2, 25.64 μM), KPGRP (BP3,
67.02 μM), and AAATP (BP4, 100 μM) [21], an inconsistency that might be due to the presence of other
proteins in the endothelium lysate extract. In both assays, BP1 was the most potent peptide and BP4
the least potent.

Docking simulations were carried out with human ACE and the different BP in order to explain
the respective IC50 values. Molecular modelling showed that BP1, BP2, and BP3 are stabilized by
both hydrogen and hydrophobic interactions with at least one residue of the three pockets, consistent
with the typical competitive inhibition model. BP1 and BP2, particularly, established hydrophobic
interactions with HIS387 and hydrogen bonds with TYR360, TYR523, and GLU411, while BP3 reached
hydrophobic stability with GLU384 and TRP357 and formed hydrogen bonds with TYR360 and GLU411.
Moreover, BP4 only established hydrogen bonds with GLU411, HIS353, and TYR523. The absence
of hydrophobic stabilization in the case of BP4 might explain its high IC50 value. BP2 showed small
hydrophobic interaction areas compared with BP1 and BP3, both of which contained voluminous
hydrophobic groups. Therefore, the stability of BP2 seems to be comparable to that of BP4. Besides,
captopril formed up to five H-bonds with key residues within the active site (GLU384, TYR523, and
HIS353 residues). BP1 was found to occupy the S1 and S2 subsites (near the active site) but was not
located inside the active site of ACE, in contrast to captopril. Therefore, we concluded that, structurally,
BP are noncompetitive inhibitors of ACE so their IC50 were much higher compared to captopril.
The present data are of special interest for predicting and understanding mechanisms of action of BP
and may also be of help for predicting new biomolecules before the relevant assays are carried out.

Apart from its ACE inhibitory capacity, food-derived peptides have been shown to display a wide
range of functional activities over the CV system. In fact, multifunctional peptides interfere with more
than one biological pathway, such as NO production, oxidative stress, and inflammation. The Ea.hy926
cell line demonstrates highly differentiated functions of human vascular endothelium, such as
expression of inflammation cytokines (e.g., IL-6) and adhesive markers (ICAM-1 and VCAM-1) [14].
Our interest in the use of an in vitro model of endothelial dysfunction was to further understand the
regulatory effects of the BP treatment in inflammatory conditions. In fact, endothelial NOS was found
slightly overexpressed in the presence of these synthetic peptides, which could also be beneficial for
attenuating endothelial dysfunction. Similarly, a decrease in inflammatory markers (IL-6 and eNOS)
has also been reported with the milk-derived peptides VPP and IPP in spontaneous hypertensive rats
using DNA microarray [22]. Egg-derived IRW peptide also inhibited the TNF-α-induced increase of
adhesive molecules [23]. Moreover, BP from milk impaired human endothelial–monocyte interactions
by inhibiting the expression of VCAM-1, ICAM-1, and E-selectin [24]. Regarding the surface expression
of proteins, their measurement strongly depends on the detachment method. The overall surface
expression of ICAM-1 was found to be trypsin-resistant, while VCAM-1 was much more sensitive to
trypsin degradation [25]. This fact could explain the different results on VCAM-1 gene and protein
expression here reported. No mechanisms that might regulate these inhibitions have been identified,
but some studies suggest that NF-kB is the main target [24]. These results are in line with a previous
clinical study carried out in humans, where the regular intake of dry-cured ham containing the
currently described BP lowered plasmatic IL-6, P-selectin, and MCP-1 levels but did not alter plasmatic
VCAM-1 [12]. All this evidence supports the hypothesis that the dual ability of these BP to modulate
adhesive markers and eNOS might be due to the NF-κB interaction.

On the other hand, oxidative stress and inflammation are closely related pathophysiological
processes, one of which can be easily induced by another. Likewise, oxidative stress can activate the
NF-κB pathway [26]. In the current study, the simultaneous use of synthetic peptides and H2O2 was
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ineffective at reducing cell death, indicating that these peptides do not target apoptotic mechanisms
of action (for instance, caspases or BAX proteins). Besides, the in vitro antioxidant capacity of these
peptides [27] was not supported by the current results since the redox enzymes remained unaltered
and the carbonylation protein approach was not sensitive enough to confirm the reduction of reactive
oxygen species.

Nonetheless, it is apparent from the current data that TNF-α-induced NF-κB activation is
sharply attenuated in human endothelial cells in the presence of these peptides from dry-cured pork
ham. Several studies have also demonstrated the anti-inflammatory role of specific peptides [28].
However, the research efforts were limited to the biological effects and the action mechanisms were not
deduced [29]. In our case, blind docking approaches were used to model peptide binding interactions
with the regulatory subunit of NF-κB, NEMO. Recent studies have shown that direct binding of NEMO
to linear polyubiquitin (poly-Ub) chains in the TNF-α signaling pathway is crucial for kinase (IKKα/β)
recruitment and further NF-κB activation [30,31].

Furthermore, optineurin and small molecules (anthraquinone derivatives and peptides) have
previously been suggested to negatively regulate TNF-α-induced NF-κB activation by competing with
this CC2-LZ region for Lys63-linked poly-Ub [32,33]. We further found that the BP used experimentally
could bind to the same region as a competitive peptide, the UBI peptide, specifically designed to
interfere with the coiled interfaces of NEMO [33]. The targeting of IKKβ by dry-cured pork ham
peptides was unexpected and suggests the potential regulatory role of the canonical pathway of NF-κB
activation identified in the in vitro approaches.

The CCL-Z2 region interacts with Lys63-linked poly-Ub chains with relatively low affinity, which
could facilitate the disruption by small molecular compounds, such as peptides [19]. Therefore,
the possibility that the BP under study have a biological effect due to their interaction with NEMO
before and/or after polyubiquitin binding (PDB: 4BWN and 3JSV, respectively) is very likely. Since
both interactions are possible, our data do not determine whether these peptides impair ubiquitin
binding by competing at the site or modulating it after TNF-α stimulation. Nonetheless, these data
must be interpreted with caution because the inhibitory concentration and bioavailability of these
multifunctional BP are still unknown, thereby limiting clinical anti-inflammatory therapeutic strategies.
At this point, it is important to mention that this study does not attempt to use attainable eating levels
of bioactive peptides (300 μM) but provides the conceptual and operational tools for investigating the
sites of action of BP in the context of inflammatory pathological mechanisms. The study may lead to
better understanding of the effects of food-derived BP as ACE-inhibitors, the findings being of indirect
clinical relevance.

4. Material and Methods

4.1. Peptides

Spanish dry-cured ham has been reported as a good source of bioactive peptides with
potent ACE inhibitory activity in vitro [21]. Four of these identified peptides were synthesized
chemically by GenScript Corporation (Piscataway, NJ, USA) at the highest purity certified using
liquid-chromatography mass spectrometry (LC-MS) analysis for the current experimental approaches
with human endothelial cells. The sequence and protein origin of the peptides are shown in Table 1.

4.2. Cell Culture

EA.hy926 cells, the hybrid human umbilical vein endothelial cell line, were obtained from the
American Type Culture Collection (ATCC® CRL2922™, Rockville, MD, USA). Cells were cultured in
high glucose Dulbecco’s Modified Eagle’s Medium (DMEM), containing 10% heat-inactivated fetal
bovine serum (FBS, Biowest, Riverside, CA, USA) and 50 U/mL of penicillin and 50 μg/mL streptomycin
(Sigma Aldrich Chemical Co., Saint Louis, MO, USA). Cells were grown in 5% CO2 in a humidified air
incubator at 37 ◦C. Subculture was performed when 90% confluence was reached.
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4.3. Human ACE Inhibition Assay

To overexpress the ACE enzyme, EAhy926 cells were transiently transfected with a human Ace
ORF mammalian expression plasmid (Sinobiological, Beijing, China) using trans-it X2 reagent (Myrus®,
Madison, WI, USA). The resultant ACE had a terminal peptide Myc and the efficiency of transfection
was checked by immunofluorescence, using an antimyc antibody (Sigma Aldrich Chemical Co., Saint
Louis, MO, USA) (Figure S1).

Cells were lysed using 200 μL M-PER® Mammalian Protein Extraction Reagent (ThermoFisher,
Waltham, MA, USA). Human ACE inhibitory activity of the four chemically synthetized peptides was
tested in vitro. Briefly, 20 μg of lysate (protein) was incubated for one hour at 37 ◦C with peptides
concentrations (50–1000 μM) containing 5 mM Hippuryl Histidyl Leucine (HHL) (Sigma Aldrich
Chemical Co., Saint Louis, USA) as substrate. Captopril (10 μM) was used as the positive control of
inhibition for the assay conditions. The HHL was transformed into hippuric acid (HA), which was
detected by high-performance liquid chromatography (HPLC, Shimadzu, Kioto, Japan) in a C18 column
(Teknokroma, Madrid, Spain). The mobile phase was composed of solvent A, 0.05% trifluoroacetic in
water; and solvent B, 100% acetonitrile. The ratio of solvent A/solvent B was 7/3, and the flow rate was
1.5 mL/min. The elute was analyzed at a wavelength of 214 nm, which is the maximum absorbance
of HA, and the column temperature was maintained at 25 ◦C. The IC50 value (the concentration of
inhibitor resulting in a 50% reduction of ACE activity) was calculated by regression analysis from the
ACE inhibition curve obtained with increasing amounts of synthetic peptides.

4.4. TNF-α and H2O2 Stimulation

EA.hy926 were seeded in six-well plates at 0.25 × 106 cells/well in DMEM supplemented with 5%
FBS. Cells were treated with 300 μM of each peptide for 16 h. Then, 100 ng/mL TNF-α or 300 μM H2O2

were added for an additional 6 h or 24 h, respectively.

4.5. Quantitative RT-PCR

Total RNA was extracted from EA.hy926 cells using 300 μL Trisure™ (Bioline, Taunton, MA,
USA) reagent and Direct-zol™ RNA MiniPrep (Zymo Research Irvine, Irvine, CA, USA) according
to the manufacturer’s protocol. Total RNA was reverse-transcribed into complementary DNA
(Sensifast cDNATM Synthesis kit, Bioline, Taunton, MA, USA). The mRNA levels of the target genes
were quantified by RT-PCR using SensiFAST SYBER Hi-ROX Kit (Bioline, Taunton, MA, USA) with
StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Briefly, 5 μL of 1:5
diluted cDNA was added to the qPCR reaction containing 10 μL 2X SensiFAST Mix and 400 nM of
each primer in a total volume of 20 μL.

Specific and validated primers for human glyceraldehyde-3-phosphate dehydrogenase (GADPH),
intercellular adhesion marker-1 (ICAM-1), vascular cell adhesion marker-1 (VCAM-1), endothelial
nitric oxide synthase (eNOS), interleukin 6 (IL-6), catalase, SOD (Super Oxide Dismutase), NADPH
(Nicotinamide Adenine Dinucleotide Phosphate oxidase) and Bax (proapoptosis regulator) genes were
used (Sigma-Aldrich Chemical Co., Saint Louis, MO, USA).

The relative mRNA expression of the genes of interest was represented by:

2ˆ(−ΔΔCT) = [CT(gene of interest) − CT(GADPH)]test − [CT(gene interest) − CT(GADPH)]control.

The relative quantification of gene expression was determined by the comparative fold change
2ˆΔΔCT method [34]. An average value of each target gene after GAPDH normalization at the time
point showing highest expression was used as a calibrator to determine the relative levels in the rest
of the experimental conditions. All the assays were performed in triplicate. Each qPCR reaction had
three replicates.
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4.6. Flow Cytometry

To measure adhesion molecule content in human endothelial cells by flow cytometry, the cell
monolayer was detached and fixed before immunofluorescence labelling [25]. The following antibodies
were used per sample: 20 μL anti-ICAM-1/CD54-phycoerythrin (PE) (clone HA58, BD Biosciences,
Franklin Lakes, NJ, USA) and 5 μL anti-VCAM-1/CD106-PerCP-Cy5.5 (clone 51–10C9; BD Biosciences,
San Jose, CA, USA), according to the manufacturer’s protocol. Stained cells (10,000 events) were
examined by flow cytometry (FACS Calibur, Becton Dickinson, Mountain View, CA, USA) in a
simultaneous two-color analysis with FL2 (PE) and FL3 (PerCP-Cy5.5) channels. Markers were
set according to the negative controls to quantify the percentage of positively stained cells. Mean
Fluorescence Intensity (MFI) was calculated for each antigen (MFI of total stained cells-MFI of negative
control cells).

ApoScreen Annexin V Apoptosis Kit-FITC (Southern Biotech, Birmingham, AL, USA) was
used to detect the apoptosis rate. After the co-incubation of synthetic peptides and 300 μM H2O2,
0.4 × 106 cells were detached and washed in cold PBS, then resuspended in 100 μL Annexin V binding
buffer and treated following the manufacturer’s protocol. Annexin V-fluorescein isothiocyanate
(FITC) binding was assessed in FL1 channel simultaneously with propidium iodide (FL2 channel).
This test discriminates among intact cells (FITC−/PI−), apoptotic cells (FITC+/PI−), and necrotic cells
(FITC+/PI+). Assays were performed in triplicate (Table S1).

4.7. NF-κB Activity

The dual luciferase assay has been widely used in cell lines to rapidly and accurately determine the
activity of the promoter of NF-κB. The transfected vector, pNF-κB:Luc, carries the luciferase gene under
the control of three synthetic copies of the κB consensus of the immunoglobulin κ-chain promoter
cloned in the BamHI site located upstream of the conalbumin transcription start site. This construct,
together with the pRL-CMV, were kindly provided by Dr. Cayuela-Fuentes (Hospital Universitario
Virgen de la Arrixaca, Murcia, Spain) [18].

For luciferase reporter assays, 80,000 cells/well were seeded in 24-well plates overnight, followed
by cotransfection with 0.5 μg pNF-κB:Luc/pRL-CMV at a ratio of 10:1 using 1.5 μL trans-it X2 reagent
(Myrus®, Madison, WI, USA). The transfection media was changed 6 h after transfection by complete
growth medium. The following day, cells were treated with the synthetic peptides for 16 h and then
with 50 ng/mL TNF-α for 6 h. NF-κB-dependent firefly luciferase activity and NF-κB-independent
Renilla luciferase activity were assessed using Dual-Luciferase® Reporter Assay System (Promega,
Madison, WI, USA) in a Luminometer Optocomp I (MGM Instruments). Data were normalized to the
amounts of Renilla luciferase activities, according to the manufacturer´s protocol.

4.8. Molecular Modelling

In order to obtain detailed information at atomic level about the interactions between the different
peptide molecules, inhibitors and the human proteins, molecular modelling studies were carried out.

A representative X-ray crystal structure for human ACE (PDB code 4APJ) was chosen, and its
full atom model for the docking simulation was prepared. Docking simulations were chosen as the
most adequate molecular modelling technique for the ACE study, since they efficiently predict at a
reasonable computing cost electrostatic, van der Waals, hydrogen bond and hydrophobic interactions
between interacting ligands and protein [35]. Partial charges and hydrogens were added with Autodock
Tools [36]. The studied peptide molecules and characterized inhibitors were built manually using
Pymol [37].

Two representative X-ray crystal structures of the NF-κB essential modulator, NEMO, were
retrieved from the PDB database (PDB: 4BWN and 3JSV), and their full atom models for the docking
simulations were prepared. The sequence for the UBI peptide was extracted from the work of
Chiaravalli et al. [32] and the structure from the anthraquinone derivative, iNUB, was retrieved from

309



Int. J. Mol. Sci. 2019, 20, 4204

the work of Vincendeau et al. [38]. In order to determine in which part of the CC2-LZ region of NEMO
the different ligands interact, a blind docking approach [39] where the researcher does not define
any preferred interaction spot [40] was followed, where multiple docking runs started around the
geometric centers of all residues. A histogram with the resulting distribution of binding energies and
their structural clusters of poses was generated. Each individual docking simulation was performed
with the Autodock Vina software AUTODOCK using default configuration parameters [41]. The size
of the grid box was set to extend 120 Å in each direction from the geometric center of each individual
docking simulation. The docking score produced by Autodock Vina was taken as the predicted value
of the ligand binding energy. Only the top-ranked poses were used for structural and energy analyses.
The scoring function from Vina considers the Lennard-Jones term (LJ), hydrogen bonds (H-bonds),
electrostatic interactions, hydrophobic stabilization, entropic penalty due to the number of rotatable
bonds, and the internal energy of the ligand.

4.9. Statistical Analyses

Data were expressed as mean ± standard deviation (SD) of three determinations. A Student’s
t-test was used to compare the differences between the mean of two groups. Statistical analyses were
performed with SPSS 21.0. Statistical significance was considered at p < 0.05.

5. Conclusions

The overall goal of the study was to identify which specific mechanisms of dry-cured pork ham
peptides are operative in inflammatory pathways and, as a result, to identify the most promising targets
for functional food development. Reported molecular modelling results explained the rationale of their
anti-inflammatory activity for the first time. The amino acid sequence of these inhibitory peptides may
also form the basis for the design of analogues with therapeutic potential. Further, the multifunctional
peptides characterized here may herald an important avenue in food and pharmacological research.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/
4204/s1.
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Abbreviations

ACE Angiotensin I-Converting Enzyme
BP Bioactive Peptide
BSA Bovine Serum Albumin
CV Cardiovascular
CVD Cardiovascular Disease
DMEM Dulbecco Modified Eagle Medium
FBS Fetal Bovine Serum
HA Hippuric Acid
HHL Hippuryl Histidyl Leucine
ICAM-1 Intercellular Adhesion Molecule-1
IKK IκB kinase
IL-6 Interleukin-6
NF-κB Nuclear Factor-κB
OD Optic Density
PBS Phosphate Buffer Saline
PVDF Polyvinylidene Difluoride
VCAM-1 Vascular Adhesion Molecule-1
TNF- α Tumor Necrosis Factor-α
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Abstract: In our previous research, ten antioxidant pentapeptides including FYKWP, FTGMD, GFEPY,
YLPYA, FPPYERRQ, GFYAA, FSGLR, FPYLRH, VPDDD, and GIEWA were identified from the
hydrolysate of miiuy croaker (Miichthys miiuy) swim bladder. In this work, their protective function
on H2O2-induced oxidative damage to human umbilical vein endothelial cells (HUVECs) was studied.
Results indicated that there was no significant difference in the HUVEC viability between the normal
group and the treated groups with the 10 pentapeptides at the concentration of 100 μM for 24 h
(p < 0.05). Furthermore, FPYLRH of 100 μg/mL extremely significantly (p < 0.001) increased the
viability (80.58% ± 5.01%) of HUVECs with H2O2-induced oxidative damage compared with that of
the model group. The protective mechanism indicated that FPYLRH could extremely significantly
(p < 0.001) increase the levels of superoxide dismutase (SOD) (211.36 ± 8.29 U/mg prot) and GSH-Px
(53.06 ± 2.34 U/mg prot) and decrease the contents of reactive oxygen species (ROS) (139.1 ± 11.8% of
control), malondialdehyde (MDA) (13.66 ± 0.71 nM/mg), and nitric oxide (NO) (4.36 ± 0.32 μM/L)
at the concentration of 100 μM in HUVECs with H2O2-induced oxidative damage compared with
those of the model group. In addition, FPYLRH dose-dependently protected DNA in oxidative
damage HUVECs model. These results suggested that FPYLRH could significantly attenuate the
H2O2-induced stress injury in HUVECs and might be used as a potential natural antioxidant in the
functional food industries.

Keywords: miiuy croaker (Miichthys miiuy); swim bladder; FPYLRH; antioxidant activity; cytoprotective
effect

1. Introduction

Reactive oxygen species (ROS) are essential components of the cells in organisms and play a dual
role in the physiological processes involved in cell signaling and homeostasis [1,2]. Excessive ROS can
cause oxidative damage to biomolecules in cell membranes, which further initiates a series of chronic
diseases, such as rheumatoid arthritis, hypertension, diabetes, cardiovascular disease, atherosclerosis,
chronic fatigue syndrome, and neurodegenerative diseases [1,3,4]. Retarding the progress of
oxidative stress is a key step towards alleviating stress-related diseases [5]. In living organisms,
antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px),
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and glutathione reductase (GSH-Rx)) and non-enzymatic antioxidant agents (glutathione (GSH),
ascorbic acid, and β-carotene) can maintain the oxidative balance by reducing the concentration of
ROS to prevent oxidative stress [2,6]. Therefore, the elimination of ROS damages by antioxidants is an
effective treatment of those chronic diseases and food deterioration [7,8].

Recently, antioxidant peptides have been isolated and identified from various seafood proteins,
such as edible marine fishes, alga, shellfish, and their processing by-products [3,9]. These peptides
showed excellent properties, including high bioactivity, easy absorption, low molecular weight
(MW), and lower toxicity or side effects, which are important for their potential application in health
products [3]. Collagen peptides from jellyfish could alleviate ultraviolet (UV)-induced abnormal
changes of antioxidant defense systems such as SOD and GSH-Px [10]. Similarly, Chen et al. found
that gelatin hydrolysate of Pacific cod skin could prevent UV radiation-induced skin damage by
suppressing the depletion of an endogenous antioxidant enzyme and the expression of nuclear factor-κB
(NF-κB) and pro-inflammatory cytokines [11]. MDLFTE and WPPD from protein hydrolysate of
Tergillarca granosa exhibited strong radical scavenging activities and high inhibiting ability on lipid
peroxidation. In addition, MDLFTE and WPPD were stable and could retain strong antioxidant
activity at the temperatures lower 80 ◦C and acidic and weakly alkaline environments (pH < 9) [12].
GPA from gelatin hydrolysate of fish skin showed an approximately 2.5-fold increase in antioxidant
response element (ARE)-luciferase activity and suppressed the H2O2-induced intracellular ROS
production by dose-dependently activating the expression of ARE-driven antioxidant enzyme genes [13].
The antioxidant functions of these peptides were thought to be associated with their MW, amino
acid compositions and sequences, and spatial structures [3,14]. Moreover, these results suggested
that seafood proteins were high-quality raw materials for the preparation of antioxidant peptides for
protecting human health and food quality by reducing oxidative stress.

Miiuy croaker (Miichthys miiuy) is mainly spread from the Western Japan Sea to the East China
Sea and has been extensively farmed in China since the late 1990s due to its high nutrient content,
delicious taste, and economic value [14,15]. Previous research indicated that the swim bladder
of miiuy croaker showed positive curative effects on dozens of diseases, such as protective liver
function, removing ROS, cure dizziness, and warding against inflammation and cancers [1,16]. In our
previous work, ten antioxidant pentapeptides were prepared from hydrolysate of miiuy croaker swim
bladder and determined as FYKWP (S1), FTGMD (S2), GFEPY (S3), YLPYA (S4), FPPYERRQ (S5),
GFYAA (S6), FSGLR (S7), FPYLRH (S8), VPDDD (S9), and GIEWA (S10) [1]. Of these, FPYLRH (S8)
could effectively inhibit lipid peroxidation and exhibit strong scavenging activities on hydroxyl radical
(EC50 0.68 mg/mL), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (EC50 0.51 mg/mL), and superoxide
anion radical (EC50 0.34 mg/mL). In this work, the protective functions of the antioxidant pentapeptides,
especially FPYLRH, regarding oxidative damage to human umbilical vein endothelial cells (HUVECs)
by H2O2 were studied for further elucidating their antioxidant mechanism.

2. Results and Discussion

2.1. Effects of Antioxidant Pentapeptides (S1–S10) on the Viability of HUVEC

HUVEC is the main type of endothelial cell and provides a classic model system to study
many aspects of endothelial function and disease, such as cell and cardiovascular protection effects of
bioactive molecules, cardiovascular-related complications associated with various diseases, hypoxia and
inflammation-related pathways in endothelia under normal and pathological conditions, etc. [17].

As shown in Figure 1A, the viability of cells treated with FSGLR (S7) was 95.47% ± 4.20% at
100 μM for 24 h, which was lower than that of the other nine pentapeptides and normal control groups.
The viability of cells treated with VPDDD (S9) was 108.20% ± 3.08%, which was higher than that
of the other nine pentapeptides and normal control groups at the same concentration. However,
there were no significant differences between the control group and peptides groups at 100 μM for
24 h (p < 0.05). Cell proliferation is a physiological process that occurs in almost all tissues and under
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many circumstances, and the balance between proliferation and programmed cell death (apoptosis) is
maintained by regulating both processes to ensure the integrity of tissues and organs under normal
conditions [18]. The cell viability measured by 3-(4,5-di methyl thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) method is an important index for evaluating the effects of pharmacological compounds
on cell proliferation according to the response to stress stimuli, and it is often used to screen compounds
for developing different pharmaceuticals [19]. Therefore, ten isolated pentapeptides (S1–S10) had the
possibility for developing non-tumor functional products because of their insignificant effect on the
normal proliferation of HUVECs.

Figure 1B indicated that the viability of HUVECs treated with H2O2 was negatively correlated
with the concentrations ranging from 100 to 350 μM. In addition, the viability of HUVECs treated
with H2O2 at the concentration of 200 μM was 51.66% ± 2.48%, which was significantly different
from other groups (p < 0.05). Therefore, oxidative damage to HUVECs was established at the H2O2

concentration of 200 μM. Oxidative stress caused by ROS can activate apoptosis-related signaling
pathways in vascular and cardiac endothelial cells, which further induce endothelial dysfunction to the
initiation and development of cardiovascular diseases (CVDs) [20]. H2O2 can cause oxidative damage
because it can be converted into hydroxyl radicals and oxygen radicals in liver cells [17]. Herein,
a H2O2-induced HUVEC injury model was used to screen the antioxidant molecules and explore their
mechanisms involved in the pathogenesis of ROS-induced oxidative stress.

 

Figure 1. Effects of antioxidant pentapeptides S1–S10 at the concentration of 100 μM (A) and
H2O2 with the concentration ranged from 100 to 350 μM (B) on cell viability of HUVECs for 24 h.
Mean ± standard deviation (SD) (n = 3) is used to express the experiment data. a–g Values with same
letter in Figure 1B indicate no significant difference of the cell viability of HUVECs treated with different
H2O2 concentrations (p > 0.05).

2.2. Protective Effect of Antioxidant Pentapeptides (S1–S10) on the Oxidative Injury HUVEC by H2O2

Figure 2A showed the protective effects of the 10 antioxidant pentapeptides (S1–S10) on the
H2O2-induced HUVEC injury model, and the cell viabilities of the S1–S10-treated groups were
improved compared with the model group. At the concentration of 100 μM, the HUVEC viability of the
FPYLRH (S8)-treated group increased to 80.58% ± 5.01%, which was extremely (p < 0.001) significantly
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higher than that of the model group; the HUVEC viability of the YLPYA (S4)- and GFYAA (S6)-treated
groups increased to 70.75% ± 3.65% and 65.67% ± 1.99%, respectively, which were very (p < 0.01)
significantly higher than that of model group (p < 0.01); FYKWP (S1) and GIEWA (S10) increased
the HUVEC viability to 64.74% ± 2.02% and 63.99% ± 3.78%, respectively, which were significantly
(p < 0.05) higher than that of model group. The present data indicated that FPYLRH (S8) has the
strongest protective ability on H2O2-induced oxidative damage HUVEC among the 10 antioxidant
pentapeptides (S1–S10) at the concentration of 100 μM.

Figure 2B shows that there was a positive correlation between the concentration of FPYLRH (S8)
and its protective ability on the H2O2-induced HUVEC injury model. The FPYLRH (S8)-treated group
increased the HUVEC viability to 80.58% ± 5.01% and 68.21% ± 3.59% at the concentrations of 50
and 100 μM, respectively, which were extremely (p < 0.001) and very (p < 0.01) significantly higher
than that of model group. However, there was no difference between the FPYLRH (S8) group at the
concentration of 10 μM and the H2O2-induced oxidative damage group (p > 0.05).

 
Figure 2. Protective effects of the 10 antioxidant pentapeptides (S1–S10) at the concentration of 100 μM
(A) and FPYLRH (S8) at the concentrations of 10, 50, and 100 μM (B) on the H2O2-induced HUVEC
injury model. Mean ± SD (n = 3) is used to express the experiment data. ### p < 0.001 vs. Control group;
*** p < 0.001, ** p < 0.01, and * p < 0.05 vs. H2O2-induced HUVEC injury model.

Furthermore, images of Hoechst 33,342 staining HUVECs treated with H2O2, positive control
of acetylcysteine (NAc), and FPYLRH (S8) at the concentrations of 100 μM for 24 h are shown in
Figure 3. In the blank control group (Figure 3A), HUVECs were uniform in size, plump in shape,
and presenting blue fluorescence. Compared with the blank control group, HUVECs in the model
group (Figure 3B) showed a state of apoptosis because the number of HUVECs significantly decreased,
the cells became smaller, and the fluorescence of most of the remaining adherent cells became bright.
Figure 3C indicated that the most of HUVECs in the FPYLRH (S8) group adhered to the wall compared
with the model group, and a small number of cells was washed away and another small number of
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cells showed blue fluorescence brightened compared with the blank control group. Those results
indicated that FPYLRH (S8) had a strong protective effect on the oxidative damage HUVECs induced
by H2O2, and the results were in line with those of Figure 2.

Figure 3. Apoptosis analysis of FPYLRH (S8) in the H2O2-induced HUVECs injury model at the
concentration of 100 μM by Hoechst 33,342 staining assay. (A): Blank control; (B): Model (H2O2);
(C): Positive control (acetylcysteine, NAc); (D): FPYLRH (S8).

2.3. Effect of FPYLRH (S8) on the Levels of ROS in H2O2-Induced HUVEC Injury Model

Excessive production of intracellular ROS will destroy key biological macromolecules,
which further cause oxidative stress and serial chronic diseases [21,22]. Therefore, the effect of
FPYLRH (S8) on the levels of ROS in HUVECs was measured. As shown in Figure 4, the level of
ROS observed in the HUVECs exposed to H2O2 were 231.7% ± 13.5% of control, which was extremely
(p < 0.001) significantly higher than those of the control group. As expected, the intracellular ROS
levels (185.2% ± 12.4%, 155.3% ± 16.5%, and 139.1% ± 11.8% of control at the concentrations of 10, 50,
and 100 μM) were significantly attenuated by FPYLRH (S8) pretreatment in a dose-effect manner.

Figure 4. Effect of FPYLRH (S8) on ROS levels of H2O2-induced HUVEC injury model at the
concentration of 10, 50, and 100 μM. Mean ± SD (n = 3) is used to express the experiment data.
### p < 0.001 vs. Control group; *** p < 0.001 and ** p < 0.01 vs. H2O2-induced HUVEC injury model.

2.4. Effect of FPYLRH (S8) on the Levels of GSH-Px, SOD, Malondialdehyde (MDA) and Nitric Oxide (NO) in
H2O2-Induced HUVEC Injury Model

In living organisms, antioxidant enzymes (SOD, GSH-Px, CAT, and GSH-Rx) and non-enzymatic
antioxidant agents (GSH, ascorbic acid, and β-carotene) make up a complex protective system,
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which can promote oxidative balance by reducing the concentration of ROS and forming less oxidation
metabolites (MDA, NO, etc.) [6]. However, this protective system can be overwhelmed by uncontrolled
generation of ROS, thus the system requires additional antioxidant agents to balance the oxidative
status [6,19]. Therefore, effects on antioxidant enzymes and lipid oxidation metabolites in cells were
usually applied to evaluate the antioxidant capacity of antioxidant molecules.

As shown in Figure 5, the effects of FPYLRH (S8) on the levels of SOD, GSH-Px, MDA, and NO
in HUVECs were measured for illuminating its protection in HUVECs with H2O2-induced oxidative
damage. Figures 5A and 5B indicated that the levels of GSH-Px and SOD observed in the HUVECs
exposed to H2O2 were 20.38 ± 0.82 U/mg prot and 111.35 ± 3.47 mg prot, respectively, which were
extremely significantly lower than those of the normal HUVECs control (p< 0.001). Moreover, the levels
of GSH-Px (34.85 ± 1.65 U/mg prot and 51.06 ± 2.03 U/mg prot) and SOD (151.32 ± 4.52 U/mg prot
and 212.56 ± 4.68 U/mg prot) of HUVECs incubated by FPYLRH (S8) at the concentrations of 50
and 100 μM were very (p < 0.01) and extremely (p < 0.001) significantly higher than those of the
H2O2-damaged group.

Figure 5. Effect of FPYLRH (S8) on GSH-Px (A), SOD (B), MDA (C), and NO (D) levels of the
H2O2-induced HUVEC injury model at the concentrations of 10, 50, and 100 μM. Mean ± SD (n = 3)
is used to express the experiment data. ### p < 0.001 vs. control group; *** p < 0.001, ** p < 0.01,
and * p < 0.05 vs. H2O2-induced HUVEC injury model.

Figure 5C,D showed that the contents of MDA and NO in the HUVECs exposed to H2O2 were
22.15 ± 0.81 nM/mg prot and 12.06 ± 0.29 μM/L, respectively, which were extremely significantly lower
than those of the normal HUVECs control (p < 0.001). The data indicated that H2O2 at the concentration
of 200 μM could significantly damage the membrane of HUVECs. Compared with the model group,
the contents of MDA of HUVECs incubated by FPYLRH (S8) at the concentrations of 10, 50, and 100 μM
were 18.89 ± 0.54 nM/mg prot, 17.21 ± 0.46 nM/mg prot, and 12.64 ± 0.38 nM/mg prot, respectively,
which were significantly (p < 0.05), very significantly (p < 0.01) and extremely significantly (p < 0.001)
lower than those of the model group. The contents of NO of HUVECs incubated with FPYLRH (S8)
at the concentrations of 50 and 100 μM were 8.42 ± 0.38 μM/L and 4.56 ± 0.31 μM/L, respectively,
which were very (p < 0.01) and extremely (p < 0.001) significantly lower than those of model group.
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At present, some protein hydrolysates, fractions, and peptides showed intracellular ROS
scavenging activities through regulating antioxidant enzyme levels [3]. Corn gluten peptide fractions
of CPF1 (MW < 1 kDa) and CPF2 (1 <MW < 3 kDa) exhibited cytoprotective effects and intracellular
ROS scavenging activities through increasing the activity levels of SOD, CAT, and GR) as well as the
total GSH levels in oxidized HepG2 cells [23]. Liang, Zhang, and Lin reported that the pulse electric
field (PEF) could increase the antioxidant activity of QDHCH from pine nut (Pinus koraiensis) [24].
Compared with H2O2 damaged group, the PEF-treated QDHCH has a better protective oxidative stress
inhibition of 74.22% ± 3.70% by significantly increasing the T-SOD, CAT, GSH-Px, and GSH-Rx
activities and decreasing the MDA content in HepG2 cells. Zheng et al. reported that GPA
from fish skin gelatin hydrolysate could activate the expression of antioxidant response element
(ARE)-driven antioxidant enzyme genes in a dose-dependent manner, and subsequently suppressed
the H2O2-induced intracellular ROS production in IPEC-J2 cells [13]. EAMAPK and AVPYPQ from
stracchino hydrolysate by in vitro gastro-intestinal digestion showing antioxidant activities in a wide
concentration range (5–150μg/mL), involving ROS reduction, SOD expression increases and Nrf2
antioxidant response activation in intestinal epithelial cells (IEC-6) [25]. The present results suggested
that FPYLRH (S8) had similar cytoprotective functions with QDHCH, GPA, EAMAPK, and AVPYPQ
through enhancing endogenous antioxidant defense systems to reduce the H2O2 damage in cells.

2.5. Protective Activity of FPYLRH (S8) on Oxidative Damage DNA Induced by H2O2

2.5.1. Protective Activity on Plasmid DNA (pBR322 DNA)

The excessive production of ROS may cause a quantity of degenerative processes in organisms,
such as cancer, premature aging, cardiovascular, and neurodegenerative diseases, while DNA damage
is a key step in these ROS-induced effects [19,26]. Therefore, the protective activity of FPYLRH (S8) on
plasmid DNA (pBR322 DNA) oxidatively damaged by H2O2 is presented in Figure 6. The plasmid
DNA (pBR322 DNA) was mainly of the supercoiled (SC) form under normal conditions (Figure 6A).
The damage of plasmid DNA results in a cleavage of one of the phosphodiester chains and produces a
relaxed open circular (OC) form. Further cleavage near the first breakage leads to linear (LIN) double
stranded DNA molecules. The OC formation of DNA is indicative of single-strand breaks and the LIN
formation of DNA is indicative of double-strand breaks [16].

Figure 6. Agarose gel electrophoresis pattern of plasmid pBR322 DNA treated with H2O2 and
FPYLRH (S8) at different conditions. A: pBR322 DNA; B1: pBR322 DNA + FeSO4 + FPYLRH (S8)
(2.0 mg/mL) + H2O2; B2: pBR322 DNA + FeSO4 + FPYLRH (S8) (1.0 mg/mL) + H2O2; B3: pBR322
DNA + FeSO4 + FPYLRH (S8) (0.5 mg/mL) +H2O2; C: pBR322 DNA +FeSO4 +H2O2; D: pBR322 DNA
+ FeSO4 + GSH (2.0 mg/mL) + H2O2.

In the experiment, hydroxyl radical was produced from iron-mediated decomposition of H2O2

when FeSO4 and H2O2 were added into and reacted in the sample solution, and it subsequently broke
the plasmid DNA (pBR322 DNA) and converted the supercoiled form into the OC form (Figure 6C).
The linear form of DNA was observed in Figure 6C, which indicated that the excess hydroxyl radicals
further broke a small amount of the double-strand of DNA. As shown in Figure 6B, FPYLRH (S8)
positively influenced the contents of SC form of the plasmid DNA (pBR322 DNA) in a dose-dependent
manner. Correspondingly, the contents of OC form of the plasmid DNA (pBR322 DNA) were decreased
with increasing concentration of FPYLRH (S8). Moreover, FPYLRH (S8) at the concentration of 2 mg/mL
showed similar protective effect on DNA damage with the positive control of GSH (Figure 6D).

321



Int. J. Mol. Sci. 2019, 20, 5425

Therefore, FPYLRH (S8) could protect the supercoiled plasmid DNA through preventing the reaction of
Fe2+ with H2O2 and scavenge hydroxyl radical by donating a hydrogen-atom or electron. This finding
was in line with the result that FPYLRH (S8) could effectively scavenge hydroxyl radical in radical
scavenging assay in vitro [1].

2.5.2. Protective Activity on DNA in H2O2-Induced HUVEC Injury Model

The comet assay, known as single cell gel electrophoresis (SCRE), helps to determine whether
there has been DNA damage to a single cell from apoptosis (cell death) or cytotoxicity and the extent
of this damage [27]. Cells embedded in agarose on a microscope slide are lysed with detergent
and high salt to form nucleoids containing supercoiled loops of DNA linked to the nuclear matrix.
Electrophoresis results in structures that resemble comets at high pH and the intensity of the comet
tail relative to the head that reflects the number of DNA breaks [28]. The comet assay has been
devoted to testing novel chemicals for genotoxicity, monitoring environmental contamination with
genotoxins, human biomonitoring and molecular epidemiology, and basic research in DNA damage
and repair [28,29].

As shown in Figure 7A, the comet head is bright and almost no comet tail is found in the blank
group, but the comet tail is long and has a large area in the model group (Figure 7B), which indicated
that the damage model was successfully established. Compared with the model group, the comet
tails on damaged HUVECs were gradually reduced with the increasing concentration of FPYLRH (S8)
(Figure 7D). In addition, the length and area of comet tails in FPYLRH (S8) group with the concentration
of 200 μM was close to that of positive control group (Figure 7C).

The comet tail length or comet length can intuitively reflect the experimental results, but they
usually cause large errors. For a more accurate expression of the data of the comet assay, more indicators
including head DNA (HDNA), tail DNA (TDNA), and torque class indicator (Olive tail moment, OTM)
were employed (Table 1). The results indicated that the TDNA, tail length (TL), tail moment (TM),
and OTM of model group were extremely significantly larger than that of the blank control group
(p < 0.001), the comet length (CL) of model group was significantly larger than that of blank control
group (p < 0.05), and HDNA was extremely significantly less than that of the blank control group
(p < 0.001). With the decrease of the concentration of FPYLRH (S8), the HDNA of comet decreased
gradually, while the TDNA, CL, TL, TM, and OTM increased gradually. Moreover, there were extremely
significant differences of measured indicators at tested concentrations, except CL at 50 μM, between
the sample and model groups (p < 0.001). Therefore, the comet assay indicated that FPYLRH (S8)
showed a significant protective effect on DNA in H2O2-induced HUVEC injury model.

Figure 7. Typical comet images observed by PI (Propidium iodide) staining. (A): Blank control group;
(B): Model (H2O2, 200 μM) group; (C): Positive control (NAc) group; (D1): H2O2 + FPYLRH (S8)
(200 μM); (D2): H2O2 + FPYLRH (S8) (100 μM); (D3): H2O2 + FPYLRH (S8) (50 μM).
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Table 1. Protective activity of FPYLRH (S8) on DNA in H2O2-induced HUVEC injury model in comet assay.

Group Control Model NAc
FPYLRH (S8, μM)

200 100 50

Cell Number (n) 104 117 121 111 107 118

HDNA (%) 91.9 ± 4.2 18.2 ± 3.2 ### 80.7 ± 3.8 *** 78.4 ± 7.9 *** 53.2 ± 6.2 *** 37.5 ± 5.1 ***
TDNA (%) 8.1 ± 4.2 81.8 ± 3.2 ### 19.3 ± 4.8 * 21.6 ± 7.9 *** 46.8 ± 6.2 *** 62.5 ± 5.1 ***

CL (pix) 68.3 ± 3.3 77.3 ± 13.5 # 66.2 ± 3.3 *** 58.4 ± 5.7 *** 60.0 ± 7.3 *** 76.1 ± 10.6 *
TL (pix) 7.3 ± 0.33 59.3 ± 6.6 ### 27.2 ± 1.6 *** 23.4 ± 2.4 *** 25.0 ± 3.3 *** 45.1 ± 6.5 ***

TM 0.6 ± 0.03 46.4 ± 8.1 ### 5.2 ± 0.24 *** 5.0 ± 0.5 *** 11.7 ± 1.4 *** 28.1 ± 3.9 ***
OTM 2.3 ± 0.1 24.5 ± 4.3 ### 4.7 ± 0.2 *** 4.7 ± 0.5 *** 10.4 ± 1.2 *** 17.2 ± 2.4 ***

Head DNA, tail DNA, comet length, tail length, tail moment, and olive tail moment are referred to as HDNA, TDNA,
CL, TL, TM, and OTM, respectively. All data are presented as the mean ± SD of triplicate results. # p < 0.05 vs.
Control group, ### p < 0.001 vs. Control group; * p < 0.05 vs. model group, *** p < 0.001 vs. model group.

Oxidative damage DNA leads to pathological processes involved in the development of
cancer, cardiovascular diseases, and ageing [30], and the damage degree of DNA can increase
under conditions of oxidative stress, arising from exposure to a variety of physical or chemical
insults [31,32]. Antioxidant peptides attract extensive attention due to their key roles in maintaining
cellular function upon DNA insult. Zhao et al. indicated that a peptide fraction from croceine
croaker swim bladder could have an anti-fatigue effect through inhibiting the oxidative reactions
and DNA damage [16]. I/LNI/LCCN and WCTSVS from marine Sepia brevimana and Loligo duvauceli,
respectively, exhibited significant protective effects on DNA damage and inhibition for the linoleic
acid auto-oxidation in the model system due to hydroxyl radical induction [33]. YGDEY protected
liver hepatocellular cells (HepG2 cells) from alcohol-induced injury by inhibiting oxidative stress
including decreasing the amount of ethanol-induced DNA damage, and this may be associated with
the Akt/NF-κB/mitogen-activated protein kinase (MAPK) signal transduction pathway [34]. In our
previous research, FPYLRH (S8) exhibited strong radical scavenging activity and lipid peroxidation
inhibition [1], and the presented results indicated FPYLRH could decrease the H2O2-induced stress
injury in HUVECs by increasing the levels of SOD and GSH-Px, decreasing the contents of MDA and
NO, and protecting DNA in oxidative damage. The antioxidant mechanism of FPYLRH might be
related to activating the Nrf2-antioxidant response element signaling pathway.

2.6. Relationship Among the Molecular Size, Amino Acid Composition, and Antioxidant Activity

Molecular size and amino acid composition significantly affect the biological function of
peptides [3,35]. Short peptides with 2–10 amino acid residues showed high radical scavenging
and inhibition activities of lipid peroxidation because they were more easily accessible to active
radicals to provide potential effects in a reaction mixture than their parent native proteins [36,37].
In the experiment, FPYLRH (S8) exhibited strong cytoprotective effect on H2O2-mediated HUVECs,
which indicated that FPYLRH (S8) with 6 amino acid residues could easily enter into cells, interact with
ROS, and inhibit oxidative stress reaction.

Hydrophobic amino acids with non-polar aliphatic groups, such as Tyr, Leu, Trp, Pro, Ile, and Val,
had high reactivity to hydrophobic PUFAs and exert their significant effects on radical scavenging [1,38].
Aromatic amino acids (Phe, Trp, and Tyr) with aromatic residues can donate protons to electron-deficient
radicals, keeping ROS stable during the radical scavenging process [14,17]. Sheih et al. reported that Tyr
residues could remove free radicals, change them into more stable phenoxy radicals, and further inhibit
the peroxidizing chain reaction mediated by free radicals [39]. Chen et al. found that the pyrrolidine
ring of Pro can increase the flexibility of peptides and quench singlet oxygen due to its low ionization
potential [40]. Therefore, the hydrophobic amino acid residues (Leu and Pro) and the aromatic residues
(Phe and Tyr) in the sequences of FPYLRH (S8) should contribute to its radical-scavenging and lipid
peroxidation inhibitory activities. In addition, polar amino acids are reported to play a critical role in
the metal ion chelating and hydroxyl radical scavenging activities, which is related to the carboxyl and
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amino groups in their side chains [3,41,42]. Memarpoor-Yazdi et al. found that the basic (Arg) amino
acid residues in the sequence of NTDGSTDYGILQINSR were of great importance to their antioxidant
activities [43]. Therefore, the presence of Arg and His in FPYLRH (S8) should play a crucial role for
their antioxidant capabilities.

3. Method and Materials

3.1. Materials

HUVECs were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM), phosphate buffered saline
(PBS, pH 7.2), NAc, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. (China). FYKWP (S1),
FTGMD (S2), GFEPY (S3), YLPYA (S4), FPPYERRQ (S5), GFYAA (S6), FSGLR (S7), FPYLRH (S8),
VPDDD (S9), and GIEWA (S10) with a purity higher than 98% were synthesized in China Peptides Co.
(Suzhou, China).

3.2. Cell Culture and Viability Assay

The cell culture method and viability assay were performed according to the method of
Lim et al. [44]. The HUVECs were cultured in DMEM containing 1% penicillin-streptomycin and 10%
FBS at 37 ◦C and 5% CO2 atmosphere. The MTT test was used to measure the cell viability. After 24 h
incubation in a 96-well plate (7 × 103 cells/well), the HUVECs were cultured in 100 μM peptide solution
for 12 h. After that, the wells were washed twice with PBS and the MTT with a final concentration of
0.5 mg/mL was added for an additional 4 h. After that, the formazan crystals formed by active cells
were dissolved in 150 μL of DMSO. The absorbance at 570 nm was measured and the cell viability was
calculated by the following equation:

Cell viability = (Asample/Acontrol) × 100%. (1)

3.3. Protection of FPYLRH on Oxidative Damage HUVECs by H2O2

The HUVECs were seeded on a 96-well plate with the density of 1.5× 104 cells/well. After culturing
for 24 h, the supernatant was aspirated and H2O2 (final concentration of 100, 200, 300, 400, and 500 mM)
was added and sequentially incubated for 24 h. The optimal H2O2 concentration was confirmed when
the cell viability was close to 50%.

The HUVECs with oxidative damage under the H2O2-induced optimal conditions were used
to test the protective effects of FPYLRH on the damaged cells. The peptides were dissolved in the
DMEM medium with the concentrations of 10, 50, and 100 μg/mL. The selected HUVECs were cultured
(1.5 × 104 cells/well) in a 96-well plate for 24 h. Then the supernatant was aspirated and 100 μL of
samples were added into the protection groups respectively incubating for 8 h. After removing
samples, H2O2 was added into the damage and protection groups with the optimal concentration and
sequentially incubated for 24 h. The positive control group used 100 μL of 1.5 mM NAc instead of
100 μL of peptide solution.

3.4. Hoechst 33,342 Staining Assay

The logarithmic growth HUVECs were treated by trypsinization and grown (2.0 × 105 cells/well)
in a 6-well plate for 24 h. Then the supernatant was aspirated and 300 μL of FPYLRH and NAc solutions
were separately added into the protection and positive control groups incubating for 2 h, respectively.
After removing samples, 300 μL of H2O2 was separately added into the model, protection, and positive
control groups which were incubated for 24 h, respectively. After that, HUVECs were exposed to
8 mg/mL Hoechst 33,342 solution for 30 min at 37 ◦C and 5% CO2 atmosphere. After removing the
Hoechst 33,342 solution and washing three times with serum-free DMEM, the morphology of HUVECs

324



Int. J. Mol. Sci. 2019, 20, 5425

was observed using a fluorescence microscope (LSM710; Carl Zeiss Microscopy GmbH, Jena, Germany)
with the excitation and emission wavelengths of 550 and 460 nm, respectively.

3.5. Determination of the Levels of ROS in H2O2-Induced HUVECs

Intracellular ROS accumulation in HUVECs was monitored according to the previous method
described by Zheng et al. [13]. In brief, HUVECs were preincubated with samples at the concentrations
of 10, 50, or 100 μM (B) for 12.0 h, and then incubated with 200 μM H2O2 for 2 h. After that, the cells
were washed with PBS and incubated with 10 μM DCFH2-DA in fresh culture medium for 0.5 h.
Intracellular ROS levels indicated by DCF fluorescence were quantified on a BD FACS Calibur flow
cytometer (BD Biosciences, San Diego, C, USA) using excitation and emission filters of 488 and 530 nm,
respectively. The data were expressed as % of control values.

3.6. Determination of the Levels of Antioxidant Enzymes in H2O2-Induced HUVECs

HUVECs were cultured in 6-well plates (1 × 106 cells/well). FPYLRH with final concentration
of 10, 25, and 50 μg/mL was added into the protection groups, respectively. Last, the damage and
protection groups were exposed to H2O2. Subsequently, 500 mL of cell lysis buffer was added into
each well on ice lysed for 30 min and centrifuged at 12,000× g and 4 ◦C for 10 min. The resulting liquid
supernatant was subsequently stored on cold standby at 4 ◦C (the indicators should be measured
within 6 h). The levels of SOD, GSH-Px, NO, and MDA were measured using assay kits according
to the protocols of the manufacturer (Nanjing Jiancheng Bioengineering Institute Co., Ltd., Nanjing,
China), and protein concentrations were determined using the bicinchoninic acid (BCA) method to
normalize their levels. The levels of T-SOD and GSH-Px were expressed as units of enzymatic activity
per milligram of protein (U/mg prot).

3.7. Protective Effect of FPYLRH on pBR322 Plasmid DNA Damaged by H2O2

The ability of FPYLRH to protect supercoiled pBR322 plasmid DNA was measured according
to the previous method [16]. The reaction mixtures (15 μL) containing 5 μL of PBS (10 mM, pH 7.4),
1μL of plasmid DNA (0.5 μg), 5 μL of FPYLRH, 2 μL of 1 mM FeSO4, and 2 μL of 1 mM H2O2 were
incubated at 37 ◦C for 30 min. After incubation, 2 μL of loading buffer (50% glycerol (v/v), 40 mM
EDTA, and 0.05% bromophenol blue) was added to stop the reaction, and the reaction mixtures were
electrophoresed on 1% agarose gel containing 0.5 μg/mL ethidium bromide in Tris/acetate/EDTA gel
buffer for 50 min (60 V). The DNA in the gel was visualized and photographed under ultraviolet light.
GSH was used as positive control.

3.8. DNA Comet Assay

The DNA comet assay was according to the previous method [45]. One hundred μL of 0.5%
normal melting point agarose (NMA) preheated at 45 ◦C was spread on the frosted glass slides at 45 ◦C
and covered with a clean cover glass. Subsequently, the slide was placed at 4 ◦C allowing the NMA
to set. After 10 min, the slide was taken out, and the cover glass was gently peeled off. Then 75 μL
melted 0.7% NMA mixed with 10 μL cells (1 × 106 cells/mL) were quickly dropped to the first layer
of gel and immediately covered with another clean cover glass. Then, the slide was placed at 4 ◦C
for 10 min allowing the NMA to set. After removing the cover glass slide, the glass slide was placed
in the plate, the pre-cooled lysis buffer was added, and the plate was put into a refrigerator at 4 ◦C
for 1 h. The glass slide was taken out, rinsed with PBS, and placed in an electrophoresis tank in cold
0.3 M NaOH, 1 mM EDTA for 20–60 min. After that, the electrophoresis was carried out for 25 min at a
constant voltage of 25 V. After electrophoresis, the gel was neutralized with 0.4 mM Tris-HCl buffer
(pH 7.5) at 4 ◦C for 10 min, and the neutralization process was repeated three times. Gels were stained
with PI (propidium iodide) dye liquor for 10 min and measured with a fluorescence microscope at
515~560 nm wavelength. About 100 cells per gel were randomly selected for measuring the diameter
and migration length of DNA.
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3.9. Statistical Analysis

Data were presented as means ± standard deviation (SD) (n = 3). ANOVA test (SPSS 19.0 software)
was applied to compare the mean value of each treatment. Significant differences were determined by
using Duncan’s multiple range Test (p < 0.05).

4. Conclusions

In this work, the protective effect of 10 antioxidant pentapeptides (S1–S10), especially FPYLRH
(S8), from the hydrolysate of miiuy croaker swim bladder on oxidative damage of HUVECs by H2O2

was studied systematically. There was no significant difference between the normal HUVECs and
the HUVECs treated with the 10 pentapeptides at 100 μM for 24 h (p < 0.05). Furthermore, FPYLRH
could significantly inhibit H2O2-induced oxidative stress in HUVECs compared with that of the model
group through increasing the levels of SOD and GSH-Px, decreasing the contents of ROS, MDA,
and NO, and protecting DNA in HUVECs with oxidative damage compared with the model group.
These results suggested that FPYLRH could be used as a potential natural antioxidant in functional
food and other products.
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