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ABSTRACT

Inflammation plays a central role in development of
cardiovascular pathology, and enhanced understand-
ing of the innate immune response will help direct
novel therapeutic strategies to address heart disease.
Host defense peptides (HDPs)—hereunder defensins
—exhibit antimicrobial, chemotactic, tissue healing
and other key biological properties. Beta-defensin ex-
pression in whole-heart-homogenate has been re
ported in different species, and plasma alpha-defen-
sins have been associated with cardiovascular mor-
bidity and mortality. Still, the role of defensinsin car-
diac pathophysiology remains widely undeter mined.
Here, we show that a subset of rat-beta-defensins
(rBDs) is constitutively expressed in the myocardium,
and that their gene-expression level is influenced by
systemic exposure to inflammatory mediators (high-
fat-diet and lipopolysaccharide). Using synthetic ana-
logues of select rBD peptides, we evaluated the an-
timicrobial activity of these HDPs against clinically
relevant pathogens and their ability as immunoregu-
latory compounds. We found that an innate myocar -
dial response that involves rBDs is activated by high-
fat-diet feeding in rats, and that these HDPs influence
monocyte migration-findings that suggest the peptides
respond to exogenous danger-signals, and act within
the context of a myocardial “first-line-of-defense”.
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Endotoxin; Dietary Lipid; Cell Migration

1. INTRODUCTION

Defensins are small cationic host defense peptides (HDPs)
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with a broad functional repertoire that position them as
central players within the context of an innate immune
response [1,2]. Several studies have in recent years re-
ported on pattern recognition receptors (TLRs), signaling
pathways (NFxB), as well as different effector molecules
relevant to an innate immune response (e.g. cytokines
and defensins) expressed intrinsically by the cardiovas-
cular system, as previously reviewed [3]. Altogether these
findings support that the heart is capable of establishing a
local innate defense response, and as such is not solely
positioned at the mercy of classical immune cells’ effi-
cacy at fighting off pathogens and other injurious danger
elements. Beta-defensins (BDs) are generally considered
natural antimicrobial peptides of epithelial origin, while
other HDPs, such as cathelicidins and alpha-defensins,
are typically associated with circulatory and bone-mar-
row cells [2]. However, different studies have screened
for beta-defensin expression in a range of tissues from
various species and described expression of BD1, BD2,
and BD3 in whole heart homogenate [4-12]. Alpha-de-
fensin peptides have been implicated in the progression
of hyperlipidemia and atherosclerosis [13-16], while beta-
defensins’ putative role within the cardiovascular system
is largely unexplored. Inflammation, conceptually acting
to protect against injurious stimuli, has been also recog-
nized as a key factor in the development and progression
of cardiovascular disease (CVD) [15,17,18]. An improved
understanding of factors underlying this undesirable hy-
per-inflammatory process is thus of immediate impor-
tance to design novel preventative and therapeutic strate-
gies aimed towards diseases of the heart and vasculature.
The purpose of the study was to determine whether the
myocardial gene-expression of one type of host defense
peptides (beta-defensins) is influenced by inflammation.
The role played by certain lipoproteins in atherosclerotic
CVD has been confirmed in clinical trials [19], and en-
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dotoxemia is a known risk factor in development of car-
diac pathology [20]. We consequently studied the effect
of an infectious (lipopolysaccharide, LPS) versus a non-
infectious (high fat diet, HFD) inflammatory mediator on
cardiac rBD gene-expression levels. Moreover, we as-
sessed the functional role, including antimicrobial activ-
ity and impact on cell migration, of a subset of these
newly identified heart host defense peptides. Our data
supports that inflammation affects cardiac rBD expres-
sion, and suggest that these peptides play an active bio-
logical role in intrinsic heart host defense.

2. MATERIALS & METHODS
2.1. Sudy Group

Male Sprague-Dawley rats (Charles River, Wilmington,
MA) were divided into groups: 1) Lipopolysaccharide
exposure (LPS), 2) High fat diet feeding (HFD), and 3)
Control group (C). All experimental protocols were pre-
approved by the Kansas State University [ACUC.

2.2. Exposureto Inflammatory Mediators

One group (LPS) was exposure to LPS (Escherichia coli
(0127:B8); Sigma-Aldrich, St. Louis, MO) at 10 mg/kg
IP per animal, and observed for 48 hours until end-point.
A second group (HFD) was fed a high fat (33.8%) diet
(TD.97070, Harlan Teklad Research Diets, Madison, WI)

Table 1. Cardiac rat beta-defensin primer sequences.

for three weeks. LPS and Control groups were fed a stan-
dard rat chow diet.

2.3. Measurement of Serum Markers

Whole blood was collected at baseline, 12, and 36 hours
for all groups, and at 7 and 21 days for the HFD and
Control groups. Commercially available ELISA kits were
used for assessment of serum HDL and LDL Cholesterol
Quantification (BioVision, Mountain View, CA), Rat C-
Reactive Protein and Cardiac Troponin I (Life Diagnos-
tics, West Chester, PA). Cytokine levels were measured
using the Bio-Plex Rat Cytokine 9-plex Panel (BioRad,
Hercules, CA) and a Luminex® 100™ platform (Invitro-
gen, Carlsbad, CA).

2.4. Myocar dial Beta-Defensin Expression

Myocardial RNA was extracted using a RiboPure™ Kit
(Ambion, Austin, TX), and quantity/quality assessed us-
ing a NanoDrop Spectrophotometer (Wilmington, DE)
and an Agilent 2100 BioAnalyzer (Santa Clara, CA), res-
pectively. Myocardial gene-expression of select rat beta-
defensins was assessed through qRT-PCR (BioRad iCy-
cler), using a customized RT2Profiler PCR Array (Super-
Array, Frederick, MD). Sequences were obtained from
the Rat Genome Database (http://rgd.mcw.edu/) (Table
1). E-Gel® Agarose Gels (Invitrogen, Carlsbad, CA) were
used to verify amplicon sizes of the PCR products.

Unigene GenBank No. Symbol Description Primer Amplicon
Rn.31800 NM_031810 Defb14BDI Defensinbeta 1,rat~ 1orora 3 -GCTGGCAT TCTCACAASTETS. 136 bp
Rn.155419  NM_001037507  Defb2/tBD2 Defensinbeta2,rat porerd: -TACTCICTGCTGCTOATAGG S . 138 bp
Rn.155416 NM_001037548 Defb3/rBD3 Beta-defensin 3, rat §2§Zf§§‘ ;zggg;gg&%%ggg&gg%3 84 bp
Rn.155420  NM_ 001037509 Defb9/rBD9 Defensin beta 9, rat E‘:\'/Vevfsrs szgggggTTSX?fETGCCTTGG&TﬁZ?Eé 85 bp
Rn.159994  NM_00I037510  Defbl0iBDIO  Defensinbeta 10, rat  porore: 5 "GCTCTCTOETACTGATAGE S 75 bp
Rn.155421 NM_001037505 Defb11/4BD11 Defensin beta 11, rat g(;:/:f;;i 55gzgg%%ggggfgzggggﬁﬁ&% 59 bp
Rn160004  NM 001037520  DefblSABDIS  Defensinbeta 15, rat  horvere > "OCAGCAGAA TAAT GOGAGATGS 95 bp
Rn.156587 ~ NM_001037530  DefbI8/BDI8  Defensin beta 18, rat ﬂ‘;‘;‘::g ;g%gggzg%ggggfggg:m 110 bp
Rn.155585 NM_001037506 Defb26rBD26 Defensin beta 26, rat E‘xfsrg ;ffggfgg%%%%ﬁig?gﬁf&s 150 bp
Rn.125320  NM 001037523  Defb334BD33  Defensin beta 33, rat E(;:/Z:S ;;gggggggg%fgfgﬁccggé3 53bp
N/A X01117 18SrRNA 18S rRNA, rat E:/‘Zfsrg sggggﬁﬁﬁxggggéﬁggg _‘;‘}AG'y 184 bp
Rn.94978 NM 031144 Actb Beta-actin, rat Forward: 5°-AAGTCCCTCACCCTCCCAAAAG-3* 131 bp

Reverse: 5°-AAGCAATGCTGTCACCTTCCC-3’

The table includes an overview of primers (forward and reverse) for ten predicted rBD sequences derived from the Rat Genome Database, and two housekeep-
ing genes (Actb and 18S). Primers were designed using Beacon Designer software (Premier Biosoft, Palo Alto, CA).
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2.5. Peptide Synthesis of Select rBDs

Three 32-amino acid peptides spanning the rBD cysteine
motif were chemically synthesized (Structural Biology
Center, University of Kansas, KS). The material eluted as
single peaks on RP-HPLC, and peptide-identity was con-
firmed by mass spectroscopy. Peptides were lyophilized
and dissolved in 0.01% acetic acid (3 mg/ml) as stock
solutions. Peptide sequences are included below:

rBD10: CRLFEGFCHDKNCPPPTSHVGSCHPEKRSCCK;
rBD11: CHSKGGYCYRYYCPRPHRRLGSCYPYAANCCR;
rBD33: CEKMGGICKYQKTHGCSILPAECKSRYKHCCR.

2.6. Computational Homology M odeling

Cross-species alignment in CLUSTALW [21] was used
for target structure-prediction, and subsequent modeling
performed in Modeller [22]. Analysis of rBD secondary
structures and surface characteristics was performed us-
ing SYBYL 6.9.2 (TRIPOS, St. Louis, MO).

2.7. Antimicrobial Activity

Saphylococcus aureus (ATCC#10031), Listeria mono-
cytogenes (ATCC#19115), and E. coli (ATCC#25922)
were grown in Mueller-Hinton-II-broth (BBL-297963.
Becton/Dickinson-Company; Sparks, CA), adjusted to 0.5
McFarland-standard (10° CFU/ml), and diluted 1:100.
Antimicrobial activity was determined using a CLSI
broth micro-dilution method [23,24]. Briefly, 100 pl of
the rBD solutions were added to a micro-titer plate fol-
lowed by 1:2 serial-dilution (50 pl rBD solution into
wells containing 50 ul PBS), and subsequent addition of
50 pl microbial suspension. Plates were incubated at
37°C and 100 rpm for 2 hrs, followed by addition of 100
pl nutritive broth to individual wells. Antimicrobial ac-
tivity (minimal inhibitory concentration, MIC) was de-
termined after 24 hours incubation.

2.8. Cell Migration Assays

Rat monocytes and neutrophils (>90% purity) were ob-
tained via FACS (Veterinary Diagnostic Laboratory,
Kansas State University) to assess the chemo-attractive
ability of select rBDs. Cells were suspended in RPMI-
1640 medium (Life Technologies, Carlsbad, CA) sup-
plemented with 0.1% BSA to a concentration of 200,000
cells/ml. Cell migration (50 pl upper well volume) in res-
ponse to individual rBDs (25 pl lower well volume, and
peptide concentrations ranging from 0.1 - 10,000 ng/ml)
versus controls (medium only, or fMLP) was determined
using a Neuro Probe AP48 chemotaxis chamber (Boyden)
and 25 x 80 mm PVP-free polycarbonate membranes
with 5 um pore size (Neuro Probe, Inc., Gaithersburg,
MD). Chemotaxis assemblies were incubated for 90 min

Copyright © 2013 SciRes.

at 37°C and 5% CO,. Filters were removed after incuba-
tion, followed by fixation of migrated cells in methanol,
Dift-Quik (Polysciences, Inc., Warrington, PA) staining,
and counting of cells via light microscopy in five ran-
domly selected fields (data reported as mean = SD; from
triplicate wells).

2.9. Satistical Analysis

The software GraphPad Prism 5 (San Diego, CA) was
used for data-analysis, at a 5% level of significance. Data
is presented as mean = SD unless otherwise stated. The
thermocycler-data was analyzed using a SuperArray tem-
plate for determination of fold-change in genes of inter-
est via the AA Ct method. Myocardial rBD mRNA ex-
pression was analyzed using Student’s t-test. Differences
in test values between groups over time were assessed by
two-way repeated measures analysis of variance (rm-
ANOVA) with post-hoc Bonferroni analysis.

3. RESULTS

3.1. Beta-Defensins Are Constitutively Expressed
in the Rat Myocardium

Through preliminary studies we sought to confirm that
cardiomyocytes in fact are responsible for previously re-
ported cardiac beta-defensin-1 expression. We conse-
quently evaluated laser micro-dissected rat cardiomyo-
cytes using the P.A.L.M. system (Carl Zeiss Microlmag-
ing, Bernried, Germany), and could via subsequent down-
stream analysis (including qRT-PCR and agarose gel-
electrophoresis) confirm myocardial beta-defensin-1 ex-
pression [25]. To further establish a baseline expression
profile for cardiac beta-defensins we then screened whole
heart homogenate for the thirty-five predicted rat beta-
defensin peptide sequences available in the Rat Genome
Database (http://rgd.mcw.edu/) using primers designed us-
ing Beacon Designer software (PREMIER Biosoft Inter-
national, Palo Alto, CA). We found that the rat heart ex-
hibit constitutive gene-expression of at least seven beta-
defensins (rBD1, 3, 10, 11, 15, 18, and 33).

3.2. High-Fat-Diet Resultsin Up-Regulation of
Cardiac rBD Gene-Expression

To determine the effect of systemic inflammation on the
levels of constitutively expressed cardiac rBDs, we stud-
ied one control and two experimental groups subjected to
either an infectious (LPS) or a non-infectious (HFD) in-
flammatory mediator. The gene-expression studies al-
lowed for inclusion of an additional three rBDs (i.e.
rBD2, rBD9, and rBD26 were chosen randomly), while
using 18SrRNA and Actb as housekeeping genes. We
confirmed high RNA quality on all samples (rRNA-ratio
260/280 > 2) prior to the qRT-PCR runs. Gene-expres-
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sion for all ten rBDs increased secondary to both inflam-
matory mediators. However, statistically significant up-
regulation (as compared to control) was only detected in
the HFD group for eight of the ten studied cardiac rBDs.
The highest fold-difference in gene-expression (HFD
group) was noted for rBD10, rBD11 and (thirdly) for
rBD33 (Figure 1). RT-PCR products were subsequently
assessed by gel electrophoresis, and identified as single
bands of anticipated amplicon size. These findings sug-
gest that known inflammatory mediators (particularly a
high fat diet) trigger an up-regulation of cardiac host de-
fense peptides-likely contributing to an intrinsic molecu-
lar defense of the myocardium against danger signals.

3.3. Cardiac rBD Up-Regulation Concurswith
Elevated Inflammatory Cytokine Levels

To evaluate serum cytokine response in the experimental
groups, we assessed nine different cytokines from rat (IL-
1 o/IL-14/1L-2/1L-4/IL-6/IL-10/GM-CSF/IFN-»TNF- )
at 0, 12, and 36 hours for all groups, in addition to 7 and
21 days for the HFD and control groups. Serum levels

for all nine cytokines were either below detection or
lower than baseline values at 7 and 21 days, so only val-
ues for the first three time-points are included in Figure
2. No statistical significant difference was identified in
baseline cytokine levels among groups. For the LPS
group, a statistically significant increase in TNF-¢, IL-14,
IL-6 and IFNy was observed at 12 hrs, in addition to an
increase in IL-2 and GM-CSF at 36 hrs—consistent with
a pro-inflammatory response secondary to LPS exposure.
IL-1« serum levels were increased relatively compared
to controls at 36 hrs for both experimental groups (LPS
and HFD), yet measuring quantitatively lower compared
to baseline-values. The observed increase in serum cyto-
kine levels at baseline is most probably explained by a
stress-related response in the animals. An anti-inflam-
matory response was moreover observed at 12 and 36
hours-indicated by a statistically significant increase in
IL-10 serum levels. A statistically significant difference
in IL-4 serum levels was also observed at 36 hours for
both experimental groups. However, levels were here
again quantitatively lower compared to baseline. Collec-

Cardiac rBD Expression in High Fat Diet Fed Rats vs. Controls
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The graphs display relative myocardial mRNA expression of ten rBDs in response to either HFD feeding (top panel)
or LPS administration (lower panel). Fold difference indicates degree of rBD mRNA up-regulation in each experi-
mental group relative to control (e.g. rBD10 and rBD11 mRNA levels are approximately 250-fold higher in the
HFD group compared to controls—based on C; values obtained by qRT-PCR). Focus was thus directed at these

peptides for the functional studies.

Figure 1. Myocardial rat beta-defensin mRNA expression levels in inflammation.
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The graphs show circulating levels (pg/ml) of 9 cytokines in rat serum from two experimental groups (LPS and HFD) and one control group, at baseline
(0 hrs), 12 and 36 hours. Abbreviations: LPS: lipopolysaccharide, HFD: high-fat diet, TNFa: tumor necrosis factor alpha, IFNy: interferon gamma,
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and IL10: interleukin-10 (see text for further details).

Figure 2. Cytokine levels in rat serum.

tively, the data from the LPS group shows an overall
cytokine response promoting inflammation at 12 hours,
whereas an anti-inflammatory response is dominating at
36 hours.

3.4. Serum Biomarkers of Cardiac Damage and
Inflammation Do Not I ncrease Concurrent
with Cardiac rBD Up-Regulation

To assess extent of potential cardiac damage and inflam-
mation, we measured serum levels of cTnl (rat cardiac
troponin I) and CRP (rat C-reactive protein) at the de-
fined time-points. No statistically significant difference
was observed among groups for neither ¢Tnl nor CRP
levels (Figure 3). Our findings indicate that the inflame-
matory mediators used in this study did not result in ac-
tive cardiac damage, nor did they instigate a significant
elevation in CRP levels.

3.5. Animal Growth Rateand Lipid Profilingin
High Fat Diet Feeding

Serum cholesterol (TC, HDL and LDL) and triglyceride

Copyright © 2013 SciRes.

levels, relative growth rate and heart/body weight ratio
were evaluated in the HFD group relative to controls.
The average overall growth rate for the HFD group was
41 g/week versus 25 g/week for controls (p = 0.016). Ab-
dominal fat mass was on average 3.5-fold higher in the
HFD group versus control. The heart/body weight ratio
was 0.3% - 0.4% in both groups, and no significant dif-
ference was found in heart mass (Figure 4) between the
HFD and control group (p = 0.67). The findings support
that animals fed a HFD gained weight faster in addition
to increased abdominal fat deposition. No gross differ-
ence was, however, seen in heart mass or pericardial fat
deposition between groups. The lipid profiling showed a
significant increase in serum triglyceride levels in the
HFD group at the three weeks endpoint (p < 0.001). Se-
rum cholesterol fractions showed no difference in HDL
levels between groups over the three weeks time period,
while the LDL fraction was significantly different be-
tween groups at endpoint (Figure 5). Animals in the
HFD group were hypertriglyceremic after 3 weeks on a
diet containing 33% fat, but not (identifiably) hypercho-
lesterolemic.
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Top panel shows cardiac troponin-I (¢cTnl) levels (ng/ml) in rat serum from the LPS, HFD and control
groups at baseline, 12 and 36 hrs, while the bottom panel reflects the C-reactive protein (CRP) serum lev-
els (mg/ml) in the same animals. No difference was found within or among groups (p > 0.05) for neither
cTnl nor CRP. Serum CRP levels in normal rats are significantly higher compared to other species, and
even exceed max.acute phase levels of CRP in humans [66].

Figure 3. Biochemical serum marker analysis for cardiac damage and inflammation.

3.6. Computational M odeling of Select rBDs
Predicts Biological Activity

Computational analysis was performed to model the stru-
cture of select beta-defensin peptides, and predict func-
tional characteristics. We evaluated the rBD10 and rBD-
11 peptides, because these exhibited the highest fold-
increase (>250) in gene-expression in response to the in-
flammatory mediators used in the study. The peptide mo-
deling showed a similar shape in the structure for rBD10
and rBD11 (Figure 6). However, the surface electrostatic
profiles for the two peptides were found to be substan-
tially different, as were their charges-rBD10 possess five
cationic groups and three anions for a net charge of +2,
while rBD11 has six cationic groups and no anions for a
net charge of +6. Moreover, charged positions were only
found conserved in one position (at the C-terminus) along
their mutual alignment. From the computational model-
ing it was also noted that unlike other HDPs, the selected
rBDs possess no large contiguous lipophilic surface,
which makes it less likely for either of these defensins to

Copyright © 2013 SciRes.

Rat Heart Mass
1.4 9

Mass (g)

0.8 T T
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Figure 4. Comparison of heart size in rats exposed to a high-
fat diet versus controls (p > 0.05).

bind really effectively to a lipid membrane. The large
number of charged surface amino acids on both these
species would moreover make it more likely that they
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Figure5. Lipid profiles in HFD and control animals.

The figure displays secondary structure assignment and surface analysis for
the selected cardiac rat beta-defensins rBD-10 and -11. The ribbon diagrams
(leftmost column) show beta-sheet (yellow), alpha-helix (purple) and coil
(turquoise) secondary structure elements for each of the rBD peptides. The
ball-and-stick structures depict disulphide bonds. Note that the absence of
an alpha-helix in one peptide is also seen with certain beta-defensins from
other species (e.g. hBDI in humans). The calotte (space filling) models
(middle and rightmost columns) depict front and rear views of peptide
solvent accessible surfaces, including anionic/acidic (red), cationic/basic
(blue), and hydrophobic (yellow) residues.

Figure 6. Computational modeling of cardiac rBDs.

interact via salt-bridge formation with proteins on target

Copyright © 2013 SciRes.

surfaces.

3.7. Evaluation of Cardiac rBD Antimicrobial
Activity against Select Bacterial Strains

The antimicrobial activity of synthetic rBDs was asses-
sed using pathogens previously associated with bacterial
infections of the heart [26-28], including Gram-positive
(Listeria monocytogenes and Saphylococcus aureus), and
Gram-negative (Escherichia coli) strains. The final pu-
rity of the synthetic peptides was >95% with a molecular
mass of 3601.56 Da (rBD10), 3802.64 Da (rBD11), and
3662.45 Da (rBD33). We assessed the minimal inhibitory
concentration (MIC) of the synthetic rBD peptides aga-
inst the abovementioned bacterial strains. Neither of the
tested peptides exhibited antimicrobial activity against
the selected pathogens (all MICs > 0.5 mg/ml).

3.8. Assessment of Cell Migration in Responseto
Select Cardiac rBDs

Cardiac rBD gene-expression was markedly increased in
rats after high-fat diet feeding. Because hyperlipidemia is
a risk factor in the development of CVD, we assessed the
effect of synthetic rBDs on inflammatory cell migration.
The migration of rat neutrophils and monocytes in re-
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sponse to rBDs at different peptide concentrations as
compared to controls was evaluated. Neutrophils showed no
cell-migration activity, while monocytes migrated towards
rBDs at different concentrations (Figure 7). Compared to
controls, rBD10 produced a statistically significant (p <
0.001) increase in monocyte migration at concentrations
from 1.0 to 100 ng/ml (including an approximately four-
fold increase at 10 ng/ml). The rBD11 and rBD33 pep-
tides increased monocyte migration more than two-fold
at 10 ng/ml, which persisted at 100 ng/ml for rBD11.

4. DISCUSSION

With cardiovascular disease remaining a leading cause of
death worldwide, novel preventative and therapeutic
measures are still urgently needed to further advance the
field. It is well recognized that inflammation plays a cen-
tral role in the development and progression of cardio-
vascular pathology [18,19,29,30], and also that the heart-
like other organs in the body-possesses an intrinsic stress
response system reacting specifically to diverse types of
tissue injury [31-33]. Furthering the understanding of the
myriad of elements involved in this potentially deleteri-
ous process is crucial to successfully identify templates
for novel cardiac drugs, or new strategies aimed at heart
disease prevention. The challenge—perhaps particularly
in reference to cardioimmunology—remains to aptly dis-
tinguish causative relationships from epiphenomena.

In this study, we show that the rat myocardium exhibit
constitutive expression of at least one type of HDPs-here
referenced as cardiac beta-defensins-and that the gene-
expression levels of these peptides change in response to

Monocyte Migration
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kS
=
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3 27
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The figure shows the migratory response of rat monocytes towards
rBD10 (black circle), rBD11 (clear square), rBD33 (black square),
and the positive control fMLP (clear circle) at peptide concentrations
ranging from 10,000 ng/ml to 0 ng/ml (negative control/medium
only). The migration index (based on five microscopy fields and trip-
licate wells) is calculated as the n-fold change in cell migration in the
presence of chemo-attractant as compared to cell migration resulting
from medium only (negative control) [67].

Figure 7. Cell Migration to Cardiac-Derived rBDs.
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inflammatory mediators. The results suggest that cardiac
beta-defensin expression is highly responsive to high fat
diet feeding, and to a lesser (statistically non-significant)
extent to LPS exposure. Other studies have reported en-
hanced [34] or reduced [35] beta-defensin gene-expres-
sion in disease states. Still, the current study is the first to
evaluate beta-defensin expression in the myocardium in
response to exogenous mediators of inflammation, and to
further discuss the peptides’ putative role in context of
CVD.

Broadly defined, beta-defensins are typically upregu-
lated by bacterial products as well as proinflammatory
cytokines, while alpha-defensins are expressed on a more
constitutive basis [36]. Induction of epithelial beta-de-
fensin expression has also been reported secondary to sti-
mulation with an essential amino acid, L-isoleucine [37].
A gap exists in the literature concerning beta-defensins’
role in the heart, while neutrophil HDPs—including ca-
thelicidins and alpha-defensins—have been implicated in
atherosclerosis [15]. Alpha-defensins are released by ac-
tivated or senescent neutrophils, which also contribute to
various biochemical changes such as release of lysoso-
mal enzymes as well as generation of oxygen radicals
and hydrogen peroxide—in other words factors capable
of altering vascular function [15,38]. A number of studies
have as such focused on plasma alpha-defensins, and
their potential role in cholesterol metabolism, vascular
reactivity and neovascularization [13-16]. Even though
the main site for alpha-defensins is within phagolysoso-
mes of granulocytes, monocytes and natural killer cells, a
portion of these peptides is also secreted into the circula-
tion [36]—particularly upon neutrophil activation [14].
Studies have indicated that alpha-defensins act as inflam-
matory lipoprotein-binding apoproteins and modulate low-
density lipoprotein metabolism by complex formation
with LDL, thereby promoting surface binding of the re-
sultant defensin/LDL—complexes to endothelial cells via
heparan sulfate—containing proteoglycans (HSPGs) [38-
40]—a process that is heparin sensitive [38]. Retention
of atherogenic lipoproteins within the vascular intima is
fundamental to disease progression, which has associated
alpha-defensins (in plasma) with cardiovascular morbid-
ity and mortality [41], and plasma levels serve as a prog-
nostic indicator of mortality in chronic heart failure pa-
tients [42].

Additionally, alpha-defensins may play a role in throm-
botic microvascular occlusion by inhibiting the fibrino-
lytic activity of tissue plasminogen activator [43], and as
regulators of angiogenesis through anti-proliferative and
pro-apoptotic effects on endothelial cells [14]. This class
of HDPs has moreover been implicated in endothelial
dysfunction, and cutaneous alpha-defensin deposition has
been suggested as a strong independent predictor of cor-
onary artery disease [44]. Plasma alpha-defensin levels
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can increase up to 1000-fold in infectious disease proc-
esses, with plasma-concentrations of greater than 150
mg/L found in plasma during bacterial infections [45],
compared to normal levels of approximately 200 pg/L
[46]. Concentrations of defensins in neutrophil granules
can, however, be as high as 10 mg/ml [47]. Another HDP
—the iron-regulatory peptide hepcidin—was recently
identified in rat myocardium, where it may play a role in
development of cardiac disease secondary to iron over-
load [48].

In light of alpha-defensins’ association with athero-
sclerosis and thrombosis [41], it is plausible that beta-de-
fensins also impact cardiovascular homeostasis. Whether
their biological role is primarily adverse or protective of
heart health still remains to be defined. A recent study
established that myocardial tissue and cardiac fibroblasts
upregulate mRNA expression of cathelicidin and beta-
defensin-2 in response to hypoxia, and that this may fa-
cilitate homing of stem/progenitor cells to the heart in
patients with acute myocardial infarction (AMI), thus con-
stituting a response of a more healing nature [49]. Addi-
tionally, a method for CVD risk assessment using genetic
variation in a defensin gene has been patented [50].

Here, we found that rat monocytes attract to myocar-
dial rBDs that are upregulated in response to HFD feed-
ing. Mobilization of monocytes would, in a purely clas-
sical context, create cause for concern given their link to
development of atherosclerosis. The population of mono-
cytes is, however, more heterogenous that what was ori-
ginally thought, and it is becoming increasingly clear that
the functional capacity of these cells is multifaceted [51].
Monocytes’ potential role as endothelial progenitor cells
has been also mentioned, suggesting an ability to pro-
mote vascular tissue repair [51]. The plasticity of this cell
population does present a challenge when trying to de-
fine one role for monocytes in cardiovascular disease,
and monocyte activation could plausibly hold therapeutic
potential.

LPS exposure and a high fat diet are factors that pro-
mote inflammation, and HFD alone can lead to metabolic
endotoxemia-which positions LPS as a potential inflame-
matory factor in metabolic diseases [52]. This is com-
plementary to reports showing that free fatty acids can
bind to Toll-like receptor (TLR)-4, thus promoting cyto-
kine release and inflammation [53]. The relevance of
TLRs in heart failure, ventricular remodeling after acute
myocardial infarction, and cardiac dysfunction secondary
to endotoxemia has been previously reported [20,54-57].
The classical receptor for LPS is TLR4, which is ex-
pressed on cardiac myocytes [20]. However, it is seem-
ingly the TLR4 on leukocytes (not cardiomyocytes) that
is involved in myocardial depression during endotoxemia
[20]. Since NFxB pathway signaling is also involved
with beta-defensin transcription, limited TLR4 activation
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in cardiomyocytes might in part explain the limited in-
crease in cardiac rBD gene-expression that we observed
in the LPS group in this study.

To assess the systemic inflammatory response and po-
tential concurrent cardiac injury, we moreover assessed
serum levels of rat CRP, high sensitivity c¢Tnl, and nine
cytokines as well as serum lipid fractions. We found that
serum levels in the high fat diet group were consistent
with an inflammatory cytokine response and hypertrigly-
ceridemia-both risk factors associated with CVD. Levels
of HDL-cholesterol showed no differences between
groups over time, while LDL was significantly lower in
the HFD group as compared to controls at the study end-
point. No evidence of active cardiac damage was found
based on ¢Tnl serum levels alone, and CRP levels showed
no statistical difference among groups. The findings sug-
gest that although inflammatory mediators were admin-
istered, the amount was insufficient to cause marked sys-
temic inflammation with active myocardial damage. Whe-
ther these findings are positively related to the enhanced
gene-expression of cardiac rBDs remains unknown. Still,
our data might suggest that increased cardiac rBD levels
are associated with a less atherogenic lipid profile (per-
haps from complex formation with LDL, and lowering of
serum levels). It is thus plausible that these HDPs modu-
late the immune response to counteract the deleterious
effects of chronic low-grade inflammation. Moreover, in-
hibition of the NFxB pathway leads to enhanced severity
of atherosclerosis in LDL-receptor deficient mice [58]—
findings that could (theoretically) support an indirect car-
dioprotective effect of beta-defensin production (in light
of intact NF«B signaling) that is independent of LDL
levels, or uptake.

Functional characteristics, including the antimicrobial
capabilities of the two cardiac rBDs (rBD10/rBD11) that
showed the highest up-regulation, were also evaluated
via computational modeling. Defensins typically contain
hydrophobic patches, which insert into the lipid portion
of cell membranes [15]. Our computational modeling,
however, suggests that neither of these rBDs would be
highly likely to engage in lipid membrane binding. Based
on a fairly large number of charged surface amino acids
within these peptides’ structure, it would be more likely
for these peptides to interact via salt-bridge formation
with proteins on target surfaces. A potentially important
difference between rBD10 and rBD11, nonetheless, lies
in the fact that the latter has five tyrosines (a rather uni-
que finding for a BD), while the first possesses none. Ty-
rosine is moderately water soluble, but also potentially
lipophilic because the hydroxyl may form a hydrogen
bond with the lipid head groups, while the aryl interacts
with the hydrocarbon-a composition that might make
rBD11 sufficiently amphipathic to actually interact with
the membrane, and as such support it having some level
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Figure 8. Proposed model for the role of beta-defensins in the heart.

of antimicrobial activity. Computational modeling also
revealed significant differences in surface electrostatic
profiles and net charges, which would imply that the rBD
peptides are less likely to consistently bind to identical
sites on target cells.

Using synthetic analogues of three cardiac rBDs with
the highest up-regulation (rBD10, 11 and 33), we more-
over evaluated the in vitro antimicrobial activity. All
MICs were found to be in excess of 0.5 mg/ml, suggest-
ing that the chosen rBDs exhibit no detectable antim-
icrobial activity against the selected microorganisms, as
compared to other more potent HDPs [47]. It still re-
mains questionable, however, whether other cardiac rBDs
might exhibit antimicrobial activity towards pathogens of
relevance to development of CVD. Experimental studies
by others have previously confirmed that the cardiac dys-
function observed in Gram-negative sepsis is also en-

Copyright © 2013 SciRes.

countered in cases with Gram-positive sepsis [31], and
that TLR2 signaling interferes with cardiac function in
Saphylococcus aureus (Gram-positive) sepsis [31]. It is
possible that a more pronounced rBD response would
result from in vivo stimulation with LTA (lipoteichoic
acid from the Staph aureus cell wall), versus what we ob-
served using LPS exposure (i.e. Gram-negative cell wall
component).

The relationship between structure and biological func-
tion in beta-defensin peptides has been studied [59-61],
and it is known that the bactericidal activity of BDs re-
mains unaffected in the absence of disulfide bridges,
whereas the chemotactic activity is abolished with cys-
teine substitution [61]. A number of defensins is known
to act as chemoattractants at nanomolar concentrations,
exhibiting activity towards a variety of different cell types,
including monocytes, neutrophils, CD4+ T-cells and im-
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mature dendritic cells [60,62], although anti-chemotactic
activity towards leukocytes has been reported also [63].
Here, we assessed the activity of select rBDs as chemo-
attractants for circulatory cells. While we did not observe
any migratory activity of neutrophils in response to the
rBDs, we found that the tested peptides (rBD10, 11 and
33) exert significant chemoattraction of monocytes. One
factor that substantially affects a peptide’s role in chemo-
taxis is the peptide’s ability to bind to a given cellular
chemotaxis receptor. In the case of defensins, CCR6 has
been mentioned as the chemokine receptor (CCR) through
which the peptides exert their chemoattractive function
[60]. Additional receptors are also at play since defensin-
induced cell migration has been reported with cells that
do not express functional CCR6-such as monocytes [64].
More recently it was found that defensins also interact
with the CCR2 chemokine receptor (which is expressed
by monocytes, as well as macrophages and neutrophils)
[65]. Our evaluation of the shape of the select rBDs-and
this being very similar to most other defensins-support
that these permit binding to such chemokine receptors
with a binding efficacy that will depend somewhat on
how electrostatically and lipophilically compatible a gi-
ven peptide is to a given receptor. The cardiac rBD pep-
tides in question are substantially different from e.g. the
human defensins in this regard, and would as such be
anticipated to exhibit some differences in their chemoat-
tractive profiles relative to these defensins (as well as re-
lative to one another). Importantly, the relationship be-
tween structure and function in defensins highlights the
possibility of engineering these peptides to enhance their
future potential as therapeutic agents.

5. CONCLUSIONS

The broad lesson to be learned is that the perceived role
of beta-defensins (and other HDPs) without doubt has
broadened in the last decade or more, from being mere
natural antibiotic peptides to multifunctional effector mo-
lecules of the immune system. Activation of the immune
system can undoubtedly be regarded as a double-edged
sword. While the potential salutary effects of rBDs in the
heart and vasculature remain to be defined, it is con-
ceivable that cardiac rBDs contribute to the immune re-
sponse against dangers in an effort to heal injured cardiac
tissue (Figure 8). Also, seemingly minor individual ef-
fects in expression of different HDPs may in combination
be biologically relevant. It therefore remains uncertain if
cardiac rBD “over-expression” acts to preserve heart
health or is causally linked to development of CVD, or if
the peptides are mostly molecular bystanders in this con-
text.

In conclusion, we demonstrate that rBDs are expressed
intrinsically by the myocardium. Additionally, we show
that this gene-expression is modified under the influence

Copyright © 2013 SciRes.

of inflammatory mediators. We furthermore present com-
putational and in vitro data related to the functional pro-
perties of select cardiac rBDs as natural antibiotic and
immunoregulatory peptides. Still, additional research is
unquestionably warranted to help further untangle the

molecular web of the cardiovascular system in disease
and health.
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