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The rising number of antibiotic-resistant bacterial strains represents an emerging health problem that has
motivated efforts to develop new antibacterial agents. Endogenous cationic antibacterial peptides (CAPs) that
are produced in tissues exposed to the external environment are one model for the design of novel antibacterial
compounds. Here, we report evidence that disubstituted dexamethasone-spermine (D2S), a cationic cortico-
steroid derivative initially identified as a by-product of synthesis of dexamethasone-spermine (DS) for the
purpose of improving cellular gene delivery, functions as an antibacterial peptide-mimicking molecule. This
moiety exhibits bacterial killing activity against clinical isolates of Staphylococcus aureus, Pseudomonas aerugi-
nosa present in cystic fibrosis (CF) sputa, and Pseudomonas aeruginosa biofilm. Although compromised in the
presence of plasma, D2S antibacterial activity resists the proteolytic activity of pepsin and is maintained in
ascites, cerebrospinal fluid, saliva, and bronchoalveolar lavage (BAL) fluid. D2S also enhances S. aureus
susceptibility to antibiotics, such as amoxicillin (AMC), tetracycline (T), and amikacin (AN). Inhibition of
interleukin-6 (IL-6) and IL-8 release from lipopolysaccharide (LPS)- or lipoteichoic acid (LTA)-treated
neutrophils in the presence of D2S suggests that this molecule might also prevent systemic inflammation
caused by bacterial wall products. D2S-mediated translocation of green fluorescent protein (GFP)-labeled
glucocorticoid receptor (GR) in bovine aorta endothelial cells (BAECs) suggests that some of its anti-
inflammatory activities involve engagement of glucocorticoid receptors. The combined antibacterial and anti-
inflammatory activities of D2S suggest its potential as an alternative to natural CAPs in the prevention and
treatment of some bacterial infections.

The soluble factors expressed by most organisms to kill bac-
teria are sufficiently general to prevent not only bacterial
growth but also bacterial resistance. These factors, known in
mammals as cationic antimicrobial peptides (CAPs), are small
peptides derived by posttranslational and often extracellular
cleavage of precursor proteins that can have functions inde-
pendent of the antibacterial activity of their cleavage products
(3, 7, 28). The relative lack of specificity of CAPs is essential to
their general effectiveness and possible lack of bacterial resis-
tance (24). The exact downstream action of CAPs is not yet
known, but their initial bacterial targets are well defined. These
targets include the outer wall constituents, lipopolysaccharides
(LPS) in Gram-negative bacteria, and lipoteichoic acids (LTA)
in Gram-positive bacteria (7, 9, 28). Interaction between CAPs
and bacterial wall LPS or LTA precedes the insertion of CAPs
into the bacterial membrane that results in membrane perme-

abilization and/or disruption. This effect leads to changes in
second messenger systems that further augment the abnormal
electrical activity and disrupt signal transduction, causing bac-
terial death (30). CAPs can also influence both the quality and
effectiveness of the immune response (52). Therefore, much of
the antibacterial function within the body is mediated by cat-
ionic peptides, and the primary factor determining their initial
interaction with bacteria is electrostatic. This fundamental
electrostatic action of CAPs can be exploited for the develop-
ment of novel antimicrobial agents. Covalent linkage of the
polycation spermine (SP) to a specific site on dexamethasone
(DX) allows it to carry DNA across the cell membrane and, by
exploiting binding of dexamethasone to the glucocorticoid re-
ceptor (GR), delivers it to the nucleus (37). Dexamethasone-
spermine (DS) is pharmacologically active: in addition to its
ability to induce nuclear localization of the glucocorticoid re-
ceptor, it also reduces inflammation in vivo (22). At least par-
tial activity described for DS may be expected from disubsti-
tuted DS (D2S). DS and D2S (20, 22, 37) share some structural
and functional properties with squalamine, a membrane-active
cationic steroid antibiotic (CSA) (34), and some previously
described cholic acid antimicrobial derivatives (23, 42).
Squalamine, first isolated from tissues of the dogfish shark, and
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its analogues with different polyamines added to the 3-keto
group by reductive amination (29) effectively kill different
strains of bacteria, but mammals appear not to produce cat-
ionic steroids as antimicrobial factors (17). Synthetic cationic
steroid antibiotics were developed with the intent of mimicking
the antibacterial activities of polymyxin B (18). The bacteri-
cidal properties of these compounds are due to membrane
disruption, and they display a moderate degree of selectivity
for prokaryotic over eukaryotic membranes (40). Many cholic
acid derivates, such as L-lysine, lysyl-lysine (4), cholic acid with
basic amino acids (5, 32), guanidine (41), and spermidine (13),
were previously characterized as potent antimicrobial agents
that kill a wide range of strains, including multidrug-resistant
bacteria (42) and fungi (26). In addition to previously de-
scribed steroidal conjugates (40), we found that D2S displays
strong antibacterial activity with low lytic effect on eukaryotic
plasma membranes (20) and inhibits the inflammatory re-
sponse induced by bacterial wall products in vitro.

MATERIALS AND METHODS

Materials. Tryptic soy broth (TSB), Mueller-Hinton agar (MHA), and Pseudo-
monas isolation agar were purchased from Difco (Sparks, MD). Brain heart
infusion (BHI) agar was from Emapol (Gdańsk, Poland). Mannitol salt agar
(MSA) and an ID 32 Staph kit to identify staphylococcal isolates were from
bioMérieux, (La Balme Les Grottes, France). Etests to determine susceptibility
to methicillin were obtained from AB Biodisk (Solna, Sweden). The beta-lacta-
mase (cefinase) test was from Becton Dickinson (San Jose, CA). LPS (Esche-
richia coli, serotype O26:B6), fluorescein isothiocyanate (FITC), and dexameth-
asone were purchased from Sigma (St. Louis, MO). Pseudomonas aeruginosa
Xen 5 (a mucoid clinical strain isolated from human septicemia) that was engi-
neered through conjugation and transposition of a plasmid carrying transposon
Tn5 luxCDABE was purchased from Caliper Life Science, Inc. (CA). LL-37 and
HB-71 peptides were purchased from Bachem (King of Prussia, PA). Human
interleukin-6 (IL-6) and IL-8 enzyme-linked immunosorbent assay (ELISA) kits
were obtained from Thermo Fisher Scientific, Inc. (Rockwood, TN). Purified
LTA (Staphylococcus aureus) was a kind gift from T. Hartung (University of
Konstanz, Germany). A solution of human albumin was from Baxter Healthcare
Corporation (Glendale, CA). DS, D2S, and CSA-13 were synthesized as de-
scribed previously (16, 20). Cystic fibrosis (CF) sputum samples were collected by
spontaneous expectoration from patients attending the University of Pennsylva-
nia Health System Adult Cystic Fibrosis Center at Presbyterian Hospital (PA;
IRB-803255).

Bacterial killing assay. The bactericidal activities of spermine, dexametha-
sone, DS, D2S, and LL-37 against kanamycin-resistant Pseudomonas aeruginosa
PAO1 were determined as described previously (8). P. aeruginosa PAO1 was
grown to mid-log phase at 37°C (controlled by the evaluation of optical density
at 600 nm) and resuspended in phosphate-buffered saline (PBS). The bacterial

suspensions were then diluted in solutions containing antibacterial agents by
themselves or with CaCl2. When required, D2S and LL-37 were preincubated (3
h, 37°C) in solution at low pH (0.01 M HCl, 150 mM NaCl, pH �1.5) with and
without addition of pepsin (0.5 mg/ml). After 1 h of incubation with bacteria at
37°C, the suspensions were placed on ice and diluted 10- to 1,000-fold. Ten-
microliter aliquots of each dilution were spotted on Pseudomonas isolation agar
containing 25 �g/ml of kanamycin for overnight culture at 37°C. The number of
colonies at each dilution was counted the following morning. The CFU (per ml)
of the individual samples were determined from the dilution factor.

Antimicrobial activity against clinical bacterial strains. Mannitol salt agar was
used to isolate bacteria from clinical specimens. Most Staphylococcus aureus
strains were from pus samples (infected surgical wounds, diabetic foot, or fu-
runculus). S. aureus identification was performed with an ID 32 Staph kit, and the
results were read using the ATB system (bioMérieux, La Balme Les Grottes,
France) according to the manufacturer’s instructions. The presence of beta-
lactamase and susceptibility to methicillin and vancomycin were determined
using cefinase and Etest, respectively. For these assays, aerobic bacterial growth
was conducted in BHI agar according to provider recommendations. S. aureus
susceptibility to macrolides, lincosamides, and streptogramins B was evaluated
using diffusion methods on MHA, with a bacterial inoculum at a density of 0.5
(McFarland scale) (15, 21, 31). The D2S MIC and minimal bactericidal concen-
trations (MBCs) against different strains of Staphylococcus aureus (8 � 105

CFU/ml) were determined using Mueller-Hinton broth and MHA, respectively.
In a different set of experiments, the antibacterial activity of sublethal concen-
trations of D2S in combination with sublethal concentrations of amoxicillin and
clavulanic acid (AMC), tetracycline (T), erythromycin (E), and amikacin (AN)
was evaluated against six selected strains of S. aureus with MIC measurements.
The bactericidal activities of D2S, HB-71, and LL-37 (Fig. 1) against Pseudomo-
nas aeruginosa in sputum samples collected from CF patients with chronic lung
infection were measured as previously described (10). The CF sputum specimens
were diluted 10 times, and 100-�l samples were treated with antibacterial agents
(10 to 200 �M). After a 1-h incubation at 37°C, the suspensions were placed on
ice and diluted 10- to 1,000-fold. Ten-microliter aliquots of each dilution were
spotted on Pseudomonas isolation agar plates for overnight culture at 37°C. The
number of colonies at each dilution was counted the following morning. The
CFU (per ml) of the individual samples were determined from the dilution factor
and were used to calculate the percentage of bacterial outgrowth.

Biofilm assay. Starting from an overnight culture of Pseudomonas aeruginosa
Xen 5, grown in TSB to late stationary phase, a dilution containing �108 CFU/ml
was made. For each experiment, bacterial suspensions were placed in 24-well
polystyrene plates and a biofilm was allowed to form for 24 h. Bacteria adherent
to the plate were considered a biofilm, and cells not adherent to the surface of
the plate were considered planktonic and were washed out before D2S addition
to individual wells. Biofilm density after D2S treatment was evaluated using
crystal violet (CV) staining (0.1%) as described previously (35). The mutagen
plasmid (Xen5) gives the P. aeruginosa bacteria a measurable chemilumines-
cence, which was also quantified using a Fuji Film LAS-300 system before and
after D2S treatment as a measure of biofilm viability. Chemiluminescence (den-
sitometry analysis) was performed using Image Gauge (version 4.22) software
(Fuji Photo Film Co).

FIG. 1. Structure of LL-37 and HB-71 peptides and D2S molecules. For amino acids, the one-letter code is used. MW, molecular weight.
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Evaluation of D2S antibacterial activity in different body fluids. Natural CAPs
as a part of the host defense system can kill bacteria on mucosal or skin surfaces,
but their antibacterial activity is inhibited in circulation due to interaction with
blood lipoproteins. Accordingly, ApoA-1 was found to specifically inhibit the
bactericidal ability of cathelicidin LL-37 (47). Many other factors present at
infection sites, such as mucins, negatively charged DNA, and F-actin can com-
promise CAP bactericidal activity as well (8, 27, 48). To assess the D2S potential
to kill bacteria in different environments, using a Fuji Film LAS-300 system, we
evaluated changes of P. aeruginosa Xen5 luminescence (�108 CFU/ml) in PBS or
PBS mixed with 50% of plasma, ascites, cerebrospinal fluid, saliva, or bronchoal-
veolar lavage (BAL) fluid at different time points, up to 6 h after D2S addition
(10 and 30 �M).

Determination of IL-6 and IL-8 concentrations. Neutrophils were isolated from
human blood using the endotoxin-free lympholyte-poly kit (Cedarlane, Ontario,
Canada). At the end of the isolation process, neutrophils were suspended (�7 � 106

cells/ml) in RPMI buffer containing 2% human albumin and activated with LPS
from Escherichia coli (50 ng/ml) or LTA from Staphylococcus aureus (10 �g/ml).
When required, SP, DX, DS, or D2S was added to neutrophil samples �1 min
before LPS or LTA addition. Cell-free neutrophil supernatants were collected 24 h
after addition of bacterial wall products by centrifugation (5,000 � g, 5 min) and
stored at �80°C until cytokine determination. IL-6 and IL-8 were measured using a
sandwich ELISA according to the manufacturer’s instructions. The detection limit
was 30 pg/ml. Viability of neutrophils under SP, DX, or D2S treatment was evalu-
ated using a manual trypan blue exclusion method.

Cultivation of Saccharomyces cerevisiae and labeling with fluorescein. Yeast
cells were grown in media containing 1% yeast extract, 2% peptone, and 2%
glucose at 30°C for 24 h. The cells were then washed twice in distilled water and
heat killed in boiling water for 30 min. After one rinse, cells were resuspended
in 0.9% NaCl and stored at �20°C. To evaluate phagocytic activity, heat-inac-
tivated cells were labeled with fluorescein isothiocyanate (100 �g/ml) in buffer
(0.5 M carbonate, pH 9.5) containing 108 yeast cells. The mixture was incubated
for 30 min at 37°C and washed four times in PBS.

Microscopic evaluation of neutrophil morphology and viability. Neutrophil
activation is associated with marked changes in cellular morphology. Typically,
shortly after activation by bacteria, fungi, or their products, neutrophils adopt an
elongated shape with a rough surface and form protrusions and aggregates.
Neutrophils freshly prepared from human blood were subjected to activation
with heat-inactivated yeast, and microscopic evaluation at different time points (1
to 12 h) was performed using a Leica microscope (Bannockburn, IL) with a 40�
objective. When required, before yeast addition, neutrophils were treated with
D2S (10 to 20 �M).

Evaluation of RAW264.7 murine macrophage phagocytic activity. RAW264.7
murine macrophage cells were seeded at 0.5 � 105 cells/ml in 24-well plates.
Cells were maintained in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum. FITC-labeled yeast were
opsonized during 30-min incubation with mouse serum before their addition to
cultured RAW264.7 cells. To test whether D2S affected phagocytosis, RAW264.7
cells were treated with D2S (1 to 10 �M) immediately before addition of yeast.
Two steps of phagocytosis, engulfment and digestion, were evaluated by fluores-
cence microscopy. The presence of fluorescent yeast cells or their fragments in
the cytoplasm of RAW264.7 cells 24 h and 7 days after treatment was quantified
as a measure of engulfment and digestion, respectively. About 100 cells were
analyzed per condition.

GFP-GR translocation study. Bovine aorta endothelial cells (BAECs) were
seeded at 1 � 105 cells/ml in 24-well plates and allowed to spread overnight. Cells
were transfected with green fluorescent protein (GFP)-GR chimeric protein by
adding 450 ng of DNA complexed with 2 �l of Lipofectamine in a 200-�l volume
of Optimem growth media to each well of a 24-well plate for �1.5 h. The
DNA-Lipofectamine complex was then removed, and cells were placed in
DMEM supplemented with 0.5% calf serum. This reduced level of calf serum
was used to prevent nonspecific translocation of GFP-GR receptors in response
to hormones in the serum. After 24 h, GFP-GR expression was observed with
�70% of cells, and they were then treated with dexamethasone, DS, D2S,
CSA-13, and LL-37 (0.01 to 1 �M) for 1 h and imaged. Analysis of GFP-GR
translocation was conducted by counting the number of cells in each field of view
which had GFP-GR nuclear localization and comparing that with the total
number of cells. About 40 cells were analyzed per condition.

RESULTS

D2S bactericidal activity against P. aeruginosa PAO1. In
PBS, DS and D2S exhibit bactericidal activity against P. aerugi-

nosa PAO1, but D2S bactericidal activity is much higher than
that of DS (Fig. 2A). In our experimental setting, after 1 h of
incubation, SP and DX have not shown any antibacterial ac-
tivity against P. aeruginosa PAO1 up to 50 �M (Fig. 2A and
data not shown). This observation is consistent with previous
studies that indicated a lack of or limited antibacterial activity
of SP and DX, which was observed only after a long period of
incubation (19, 39, 45). D2S bactericidal activity against P.
aeruginosa PAO1 was also stronger compared to LL-37 peptide
activity and resistant to the proteolytic activity of pepsin. Sim-
ilar to that of LL-37, D2S activity was found to decrease in the
presence of calcium ions (Fig. 2B).

D2S bactericidal activity against clinical strains of S. aureus
and P. aeruginosa. Susceptibility testing of the clinical isolates
of S. aureus demonstrates that the D2S MICs and MBCs range

FIG. 2. (A) Bactericidal activity of dexamethasone (Œ), spermine
(‚), dexamethasone-spermine (�), and D2S (�) against P. aeruginosa
PAO1. (B) Bactericidal activity of D2S (�) and LL-37 (F) against P.
aeruginosa PAO1 and after 3 h of incubation in solution at pH 1.5 (E
and ƒ for D2S and LL-37, respectively), after 3 h of incubation in
solution at pH 1.5 containing 0.5 mg/ml of porcine pepsin (� and J for
D2S and LL-37, respectively), and in solution containing 2 mM CaCl2
(� and f for D2S and LL-37, respectively). Error bars represent
standard deviations from four measurements.
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between 1.56 and 3.125 �M and 1.56 and 12.5 �M, respectively
(Table 1). The observed concentrations that effectively eradi-
cated each of 16 tested clinical strains of S. aureus bacteria
were similar to those observed for CSA-13 (data not shown) as
well as to previously reported CSA-13 values, when its activity
was evaluated against clinical isolates of vancomycin-interme-
diate S. aureus (VISA), heterogeneous VISA (hVISA), and
vancomycin-resistant S. aureus (VRSA) (14). We have not
observed any difference in D2S MIC values obtained from four
S. aureus groups that we defined based on bacterial suscepti-
bility to methicillin, streptogramins B, and the presence of
beta-lactamase (Table 1).

In addition to its intrinsic antibacterial activity, sublethal
concentrations of D2S were found to enhance different S.
aureus strains’ susceptibilities to antibiotics (Table 2). Table 3
shows the reduction in the MICs of amoxicillin and clavulanic
acid (AMC), amikacin (AN), and tetracycline (T) when these
drugs were used in combination with sublethal concentrations
of D2S. This finding suggests possible synergy between gener-
ally applied antibiotics (via oral administration or injection)

and topical/local administration of D2S. In another set of ex-
periments, we compared the antibacterial activity of D2S
against clinical strains of P. aeruginosa to the antibacterial
activity of the naturally occurring antibacterial agent LL-37
peptide and a synthetic HB-71 peptide. This comparison, per-
formed in diluted CF sputum samples, reveals lower bacterial
outgrowth after D2S addition than after LL-37 or HB-71 ad-
dition (Fig. 3).

D2S activity against bacteria embedded in biofilm. Pulmo-
nary infections caused by biofilm-forming P. aeruginosa are
major risk factors for high morbidity and mortality in patients
with cystic fibrosis. In a biofilm state, bacteria are highly resis-
tant to antibiotics and the host immune system. Figure 4 shows
D2S activity in a preformed P. aeruginosa Xen 5 biofilm envi-
ronment, evaluated by quantifying biofilm mass with CV stain-
ing and luminescence, indicative of bacterial viability. Because
cells (both living and dead), as well as the matrix, are indistin-
guishably stained by CV (36), a decrease in CV staining over
time after D2S addition indicates mostly a decrease of biofilm
formation. However, D2S treatment may also cause the dis-
ruption of preformed biofilm. With D2S concentrations above
25 �M, the biofilm mass decreased almost 50%, which is above
the estimated biofilm growth. The observed decrease in the
luminescence of P. aeruginosa biofilm after D2S treatment
indicates a strong ability of these molecules to reach and affect
bacterial cells residing in the complex structure of a biofilm
mass.

D2S activity in different body fluids. Bacterial infection
takes place in various areas of the body which may have vari-
able antibacterial activity depending on the local environment.
To assess the potential of D2S to kill bacteria in different body
compartments, we evaluated the luminescence of P. aeruginosa
Xen 5 bacteria in PBS suspensions containing 50% of different
body fluids, including plasma, ascites, cerebrospinal fluid, sa-
liva, and BAL fluid (Fig. 5). Human body fluid specimen col-
lection was performed in accordance with an approved proto-
col by the Medical University of Białystok Ethics Committee
for Research on Humans and Animals (written consent was
obtained from all subjects). In this set of experiments, D2S
ability to decrease P. aeruginosa Xen 5 luminescence was used
as a measure of antibacterial activity. The increased bacterial
luminescence that was observed 6 h after bacterial growth in
the presence of different body fluids, compared to lumines-
cence in PBS, indicates differences in bacterial growth that
likely reflect the availability of nutrition and the variable pres-
ence of endogenous host immune defense molecules. Under 10

TABLE 1. MIC and MBC of D2S against different
clinical isolates of S. aureus

Group or strain/descriptiona Strain
D2S (�M)

MIC MBC

1/MRSA MLSB
�, �-lactamase� 1 1.56 3.125

2 1.56 3.125
3 3.125 6.25
4 3.125 6.25

2/MSSA MLSB
�, �-lactamase� 1 1.56 3.125

2 1.56 6.25
3 3.125 12.5
4 3.125 6.25

3/MSSA MLSB
�, �-lactamase� 1 3.125 6.25

2 3.125 6.25
3 1.56 3.125
4 1.56 3.125

4/MSSA MLSB
�, �-lactamase� 1 3.125 6.25

2 3.125 6.25
3 1.56 6.25
4 1.56 6.25

S. aureus ATCC 29213 1.56 3.125

a Groups 1 to 4 represent data from 4 strains with similar characteristics.
MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-suscepti-
ble Staphylococcus aureus.

TABLE 2. Antibacterial activity of AMC, T, E, AN, and D2S against six different strains of S. aureus

Bacterial strain/description (strain no.)
MIC (�g/ml)a

MIC/MBC
D2S (�M)AMC T E AN

S. aureus ATCC 29213/MSSA, MLSB
�, �-lactamase� (1) 0.4 (S) 1.25 (S) 0.4 (S) 1.6 (S) 1.56/3.125

S. aureus ATCC 43300/MRSA, MLSB�, �-lactamase� (2) 12.5 (R) 0.625 (S) 400 (R) 25 (I) 3.125/3.125
S. aureus (clinical strain)/MSSA, MLSB

�, �-lactamase� (3) 0.2 (S) 1.25 (S) 0.2 (S) 1.6 (S) 3.125/3.125
S. aureus (clinical strain)/MSSA, MLSB

�, �-lactamase� (4) 1.6 (S) 1.25 (S) 0.4 (S) 3.2 (S) 1.56/1.56
S. aureus (clinical strain)/MSSA, MLSB

�, �-lactamase� (5) 3.2 (S) 40 (R) 0.2 (S) 1.6 (S) 3.125/3.125
S. aureus (clinical strain)/MRSA, MLSB

�, �-lactamase� (6) 12.5 (R) 20 (R) 400 (R) 25 (I) 3.125/3.125

a S, sensitive; R, resistant; I, intermediate; AMC, amoxicillin and clavulanic acid (S � 4�g/ml; R � 8�g/ml); T, tetracycline (S � 4�g/ml; I � 8�g/ml; R � 16�g/ml);
E, erythromycin (S � 0.5 �g/ml; I � 1 to 4�g/ml; R � 8�g/ml); AN, amikacin (S � 16�g/ml; I � 32�g/ml; R � 64�g/ml).

2528 BUCKI ET AL. ANTIMICROB. AGENTS CHEMOTHER.



�M D2S treatment, a decrease of bacterial luminescence was
observed with all evaluated body fluids, except for blood
plasma specimens. With an increase of D2S concentration
from 10 to 30 �M, luminescence decreased significantly for
blood plasma as well as the other body fluids. More precisely,

luminescence decrease in plasma samples was 26% and 91, 88,
96, and 97% in ascites, cerebrospinal fluid, saliva, and BAL
fluid samples, respectively. These data suggest that the anti-
bacterial activity of D2S is compromised in blood plasma,

FIG. 3. P. aeruginosa outgrowth from cystic fibrosis sputum sam-
ples after 1-h treatment with D2S (�), LL-37 (F), and HB-71 (‚)
peptides. Error bars represent standard deviations from eight mea-
surements. *, significantly lower in comparison to LL-37 (a) and
HB-71 (b) peptides.

FIG. 4. Antibacterial activity of D2S against biofilm of a mucoidal strain
of P. aeruginosa Xen 5, evaluated 4 h after D2S administration. Slopes rep-
resent relative values of crystal violet absorbance (F) and luminescence (�)
that progressively decrease with addition of D2S. Error bars represent stan-
dard deviations from three to five measurements. *, significantly different
from samples without D2S addition; OD, optical density.

TABLE 3. Antibacterial activity (MIC) of AMC, T, E, and AN against six selected strains of S. aureus in combination with D2Sa

Strain no.b Antibiotic MIC of
antibiotic (�g/ml)

MIC (�g/ml) of antibiotic with D2S at concentration (�M) of:

0.4 0.8 1.56 3.125 6.25

1 (3.125) AMC 0.4 �0.05
T 1.25 0.625 0.321 0.321 �0.16
E 0.4 �0.4 0.2 0.1 �0.05
AN 1.6 0.4 0.4 �0.2

2 (3.125) AMC 12.5 6.25 6.25 3.125 �1.6
T 0.625 0.312 0.16 �0.08
E 400 �400 400 200 100 �50
AN 25 12.5 12.5 �6.2

3 (3.125) AMC 0.2 0.1 �0.05
T 1.25 1.25 0.625 0.321 �0.16
E 0.2 �0.2 0.2 �0.025
AN 1.6 0.8 0.4 �0.2

4 (1.56) AMC 1.6 �0.2
T 1.25 0.321 �0.16
E 0.4 �0.4 0.2 �0.05
AN 3.2 0.8 �0.4

5 (3.125) AMC 3.125 0.8 �0.4
T 40 �40 20 10 �5
E 0.2 0.2 0.2 �0.025
AN 1.6 0.8 �0.2

6 (3.125) AMC 12.5 �3.125
T 20 20 10 5 5 �2.5
E 400 �400 �400 200 200 �50
AN 25 12.5 6.25 �3.125

a AMC, amoxicillin and clavulanic acid; T, tetracycline; E, erythromycin; AN, amikacin. Please see Table 2 for strain characteristics. Numerical values represent
antibiotic concentrations (�g/ml).

b MBCs (�M) of D2S are indicated by the bold type in parentheses. For each bacterial strain, a positive control of bacterial growth without an antibacterial agent was performed.
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which might limit D2S use for systemic application. However,
D2S has potential for local/apical applications, such as in the
oral cavity, airways, or skin. The chemical basis whereby D2S
antibacterial activity is compromised in plasma is not yet
known, but understanding this basis may help to overcome this
limitation, with synthetic alteration of D2S structure.

D2S prevents LPS- and LTA-induced release of interleukins
from human neutrophils. IL release in response to bacterial
products during infection represents an important step toward
development of systemic inflammation. Therefore, developing
anti-LPS/LTA molecules might aid in preventing the negative
effects of bacterially derived molecules released at infection
sites. In human neutrophils, bacterial wall products, such as
LPS and LTA, govern IL production via Toll-like receptor
(TLR)/NF-kB pathways which trigger the transcription of
proinflammatory cytokine genes (43). Accordingly, as shown in
Fig. 6, the total IL-6 and IL-8 amounts detected in neutrophil
supernatant 24 h after their activation were significantly higher
than the amounts detected in nonactivated samples. D2S treat-
ment (10 to 20 �M) results in a significant and concentration-
dependent decrease in IL-6 and IL-8 release from neutrophils
(Fig. 6). These data are consistent with the hypothesis that D2S
binds to LPS and LTA, and this binding results in attenuation
of these bacterial wall products’ ability to reach and activate
TLR. Decreased IL-8 release was also observed in LPS-acti-
vated neutrophils in the presence of spermine, dexamethasone,
and DS (10 to 20 �M each; data not shown). These observa-
tions agree with previous studies reporting downregulation of
cytokine synthesis in human mononuclear cells after SP (51,
53) or DX (6) treatment, indicating that the ability of D2S to
prevent neutrophil cytokine release is based partially on post-
transcriptional mechanisms.

Neutrophil morphology and viability. Neutrophil activation
is associated with significant changes in cellular morphology.
As shown in Fig. 6C, neutrophils prepared in sterile conditions
maintain a round shape indicative of their resting state. After
addition of heat-inactivated yeast (that were opsonized by in-
cubation with human serum for 10 min at 37°C), neutrophils
adopt an elongated shape with a rough surface and form pro-
trusions. Those changes were observed within 1 h after yeast
addition. Treatment of neutrophils with D2S did not eliminate
neutrophil response to the presence of antigen. Additionally,
neutrophil incubation with SP, DX, and D2S (up to 20 �M) for
12 h did not decrease their viability (Fig. 6D).

D2S has little effect on intracellular digestion of yeast cells
in RAW264.7 murine macrophage. Detection, engulfment,
and killing of pathogens or cancerous cells represent differ-
ent functions of circulating macrophages. After incubation of
RAW264.7 macrophages with FITC-labeled yeast, we ob-
served fluorescence of whole-yeast cells in the cytosol of the
macrophages (engulfment) accompanied by multiple smaller
fluorescent yeast fragments, indicating their digestion (data
not shown). Quantitative analysis of RAW264.7 macrophages
containing intact yeast cells compared to macrophages with
both intact cells and smaller fragments reveals a slightly re-
duced intracellular digestion (�15%) of yeast cells after D2S
treatment (data not shown).

D2S glucocorticoid activity. Nuclear localization of GR is
one test of glucocorticoid activity that was previously used to
study DS pharmacological effects (22). As shown in Fig. 7A,
efficient transfection of BAECs results in a fluorescent signal
that can be detected and analyzed with microscopy. A 60-min
treatment of BAECs expressing GFP-GR protein with DX,
DS, or D2S caused nuclear localization of GFP-GR at doses
from 0.01 to 1 �M. However, CFP-GR translocation was not
observed with SP, CSA-13 (Fig. 7), or LL-37 treatment (data
not shown) at similar tested concentrations. This finding indi-
cates that D2S has strong (comparable to DS and DX) glu-
cocorticoid activity, which should enlarge the spectrum of its
anti-inflammatory actions.

DISCUSSION

Novel membrane-active cationic antibacterial peptides and
their mimics, such as cationic lipids, offer alternatives to anti-
bacterial agents that can be used to combat bacterial infec-
tions, especially those caused by drug-resistant strains. Host
inflammatory response to infection can strongly aggravate its
consequences, and, in many cases, the current therapy for
infection involves antibacterial and anti-inflammatory drug ad-
ministration. Indeed, combined antibacterial and anti-inflam-
matory treatment with dexamethasone was found beneficial in
some ocular (33, 46), airway (44), skin (25), and central ner-
vous system infections (12). Corticosteroids are also used early
in CF lung disease to prevent and delay inflammation leading
to lung damage and respiratory failure. On the other hand,
application of glucocorticoids in sepsis or severe infection is
still disputed as an appropriate clinical treatment, and the
benefits of glucocorticoid administration should always be
weighed against occurrence of adverse events, especially de-
velopment of cataracts and effects on linear growth (50). How-
ever, the adverse effects are more likely to occur with long-

FIG. 5. Antibacterial activity of D2S against P. aeruginosa Xen 5 in
different body fluids was determined based on luminescence reading
3 h after addition of equal amounts of bacteria to equal volumes of
PBS or PBS supplemented with 50% of human plasma, ascites, cere-
brospinal fluid (CSF), saliva, or bronchoalveolar lavage (BAL) speci-
mens. In each condition, the white column indicates the luminescent
signal in control samples. Black and gray columns indicate the lumi-
nescent signal in the presence of 10 and 30 �M D2S, respectively. Data
from one experiment performed in triplicate are shown. Two other
experiments with samples obtained from different subjects show sim-
ilar trends. *, significantly different from control sample.
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term exposure, while antibiotic therapy is usually brief. The
strong antibacterial and anti-inflammatory activity of D2S de-
scribed in this study, which is at least partly mediated through
GR activation, provides a new therapeutic solution with po-
tential for the treatment of certain apical infections. Similar
MIC values recorded for 16 different S. aureus isolates that
include bacteria with different mechanisms of antibiotic resis-
tance and observed activities against P. aeruginosa provide
strong experimental evidence to support this possibility.

Another potential benefit of D2S use in infection treatment
is suggested by the ability of D2S to increase S. aureus suscep-
tibility to several antibiotics currently used in treatment of
infections caused by this strain of bacteria. These data also
suggest that the antibacterial mechanism of D2S to kill bacte-
ria is likely universal and will not be compromised by bacterial
ability to resist the activity of currently used antibiotics. How-
ever, our data do not provide a mechanism for D2S antibac-
terial action. Possible modes, such as competitive binding to
receptors on the membrane surface, complex formation with
DNA or proteins in the bacterial cytoplasm, and channel/pore

formation in the plasma membrane that involve interaction
with LPS or LTA molecules should be considered (13). One
possible mechanism for D2S bacterial killing is due to its mem-
brane activity, and if this activity is not specific toward bacteria,
the potential toxicity toward host cells needs to be addressed.
A simple measure of membrane selectivity can be determined
by dividing the value of minimal concentration required to lyse
red blood cells (RBCs) (minimal hemolytic concentration) by
the value of the MIC, which was determined in our study for
different S. aureus strains to be in the range of 1.6 to 3.2 �M.
Previous observations show that D2S is not lytic to RBCs at
concentrations of �50 �M (D. Fein, unpublished data). These
data show the degree of selectivity of D2S for prokaryotic
membranes. Results of in vitro evaluations indicate that toxicity
of D2S at its antibacterial concentration is very unlikely to
occur. We have not observed significant changes in neutrophil
response to antigen after D2S treatment, nor was the viability
of neutrophils and yeast engulfment by macrophages compro-
mised after incubation with D2S.

FIG. 6. D2S inhibits IL-6 (A) and IL-8 (B) release from neutrophils treated with LPS (0.05 �g/ml) from E. coli (black column) or purified LTA
(10 �g/ml) from S. aureus (gray column). White columns represent values obtained in control (nontreated samples or neutrophils treated with
indicated D2S amount). Error bars represent standard deviations from three measurements performed in duplicate. *, significantly different from
neutrophil samples treated with LPS or LTA. Morphology of human neutrophils (C) in resting stage (C1) or with addition of yeast indicated by
arrows (C2) in the presence of 10 �M (C3) and 20 �M (C4) D2S. Viability of neutrophils (D) after 1 h of incubation of their suspension with
dexamethasone (Œ), spermine (‚), and D2S (�). Error bars represent standard deviations from three measurements.
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In addition to its antibacterial activity, our data indicate a
strong ability of D2S to inactivate bacterial wall products, such
as LPS and LTA, as indicated by the loss of their ability to
stimulate IL-6 and IL-8 release from human neutrophils. Sim-
ilar to that of D2S, lipopolysaccharide sequestering ability was
described for mono- and bis-acyl polyamines with various acyl
chain lengths (2), CSA-13 (11), and other steroid conjugates
(38, 40), with chemical characteristics similar to those of D2S.
Neutralization of bacterial wall molecules by cationic lipids can
occur directly, based on molecular binding or by interference
with LPS/LTA signaling. It was recently shown that LPS treat-
ment induced activation of TLR4 via its translocation into
membrane lipid raft microdomains, and this translocation was
inhibited by incubation of the cells with the surfactant lipid.
Lipid-mediated inhibition of TLR4 membrane repartition can
downregulate the synthesis of IL-8 by an alveolar epithelial cell
line in response to LPS (1, 49). This recent finding gives rise to
the hypothesis that D2S membrane activity may result in rear-

rangement of lipid packing after D2S membrane insertion,
which will interfere with TLR membrane repartition. The ef-
fect of D2S on eukaryotic plasma membrane lipid organization
deserves future investigation.

In conclusion, we show that D2S, like the synthetic cerage-
nin CSA-13 or natural LL-37 peptide, has a large spectrum of
antibacterial activity that is active in different body fluids and is
able to prevent inflammatory response through interaction
with LPS and LTA that interferes with TLR signaling path-
ways. Additionally, D2S ability to induce GR nuclear localiza-
tion suggests that it might prevent inflammation through en-
gagement of GR pathways. Given that D2S is an experimental
antibacterial molecule, future safety, efficacy, and pharmaco-
kinetic studies in vivo should be performed to confirm our in
vitro findings.
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