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There is growing evidence that the role of lipids in innate immunity is more important than previously realized. How lipids in-
teract with bacteria to achieve a level of protection, however, is still poorly understood. To begin to address the mechanisms of
antibacterial activity, we determined MICs and minimum bactericidal concentrations (MBCs) of lipids common to the skin and
oral cavity—the sphingoid bases D-sphingosine, phytosphingosine, and dihydrosphingosine and the fatty acids sapienic acid and
lauric acid—against four Gram-negative bacteria and seven Gram-positive bacteria. Exact Kruskal-Wallis tests of these values
showed differences among lipid treatments (P < 0.0001) for each bacterial species except Serratia marcescens and Pseudomonas
aeruginosa. D-Sphingosine (MBC range, 0.3 to 19.6 �g/ml), dihydrosphingosine (MBC range, 0.6 to 39.1 �g/ml), and phyto-
sphingosine (MBC range, 3.3 to 62.5 �g/ml) were active against all bacteria except S. marcescens and P. aeruginosa (MBC > 500
�g/ml). Sapienic acid (MBC range, 31.3 to 375.0 �g/ml) was active against Streptococcus sanguinis, Streptococcus mitis, and Fu-
sobacterium nucleatum but not active against Escherichia coli, Staphylococcus aureus, S. marcescens, P. aeruginosa, Corynebac-
terium bovis, Corynebacterium striatum, and Corynebacterium jeikeium (MBC > 500 �g/ml). Lauric acid (MBC range, 6.8 to
375.0 �g/ml) was active against all bacteria except E. coli, S. marcescens, and P. aeruginosa (MBC > 500 �g/ml). Complete kill-
ing was achieved as early as 0.5 h for some lipids but took as long as 24 h for others. Hence, sphingoid bases and fatty acids have
different antibacterial activities and may have potential for prophylactic or therapeutic intervention in infection.

Common sphingolipids and fatty acids are involved in the
physical barrier, permeability barrier, and immunologic bar-

rier functions of the skin and oral mucosa (8, 14). Epithelial layers
contain ceramides, free fatty acids, and cholesterol; sebaceous lip-
ids at the skin surface include a complex mixture of triglycerides,
fatty acids, wax esters, squalene, cholesterol, and cholesterol es-
ters; and saliva contains the same sebaceous lipids (6, 14, 19).
These sebaceous secretions contribute to (i) the transport of fat-
soluble antioxidants to the skin and mucosal surfaces, (ii) the pro-
and anti-inflammatory properties of the skin and mucosal sur-
faces, and (iii) the innate antimicrobial activity of the skin and
mucosal surfaces (20, 26, 27).

Although the composition, biosynthesis, secretion, and func-
tion of cutaneous lipids are well characterized from extensive and
elegant work done in the 1970s, little is known about their role in
controlling microbial infection and colonization. Certain fatty ac-
ids and sphingoid bases found at the skin and mucosal surfaces are
known to have antibacterial activity and are thought to play a
more direct role than previously thought in innate immune de-
fense against epidermal and mucosal bacterial infections (10).
They include free sphingosines, dihydrosphingosines, lauric acid,
and sapienic acid. In human subjects, for example, the number
of Staphylococcus aureus CFU per unit area of skin is inversely
proportional to both the sapienic acid content and the free sphin-
gosine content (1, 22). The lowest concentrations of both these
antimicrobial lipids were found in subjects with atopic dermatitis,
for whom S. aureus infections are frequently a problem.

More recently, the same lipids have been shown to be present
in the oral cavity, in saliva and at mucosal surfaces (5, 6). The fatty
acids are derived from sebaceous triglycerides, while sphingoid
bases are derived from epithelial sphingolipids through the action
of hydrolytic enzymes.

In this study, we hypothesized that the sphingoid bases

D-sphingosine, dihydrosphingosine, and phytosphingosine and
the fatty acids sapienic acid and lauric acid, commonly found on
the skin and in mucosa, have antimicrobial activity against Gram-
positive and Gram-negative bacteria found on the skin and in the
oral cavity. We also suggest potential mechanisms for lipid anti-
microbial activity and present their potential as pharmaceuticals
to improve therapies for treatment and control of a wide variety of
cutaneous and mucosal infections and inflammatory disorders.

MATERIALS AND METHODS
Bacterial species and growth conditions. Bacteria commonly found in
the skin and oral microbiomes were used (13, 25). Escherichia coli and
Serratia marcescens were also included to obtain information about typical
Gram-negative bacterial susceptibility and resistance. E. coli ATCC 12795,
S. aureus ATCC 29213, S. marcescens ATCC 14756, and Pseudomonas
aeruginosa ATCC 47085 were grown for 3 h in Mueller-Hinton broth
(Difco Laboratories, Detroit, MI) at 37°C. Corynebacterium bovis ATCC
7715, Corynebacterium striatum ATCC 7094, and Corynebacterium
jeikium ATCC 43734 were grown for 3 h in brain heart infusion broth
(Difco Laboratories, Detroit, MI) supplemented with 0.1% Tween 80
(ICN Biomedicals, Aurora, OH) at 37°C in an atmosphere containing 5%
CO2. Streptococcus sanguinis ATCC 10556 and Streptococcus mitis ATCC
6249 were grown for 3 h in tryptic soy broth (Difco Laboratories, Detroit,
MI) supplemented with 0.6% yeast extract (Difco Laboratories, Detroit,
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MI) at 37°C in an atmosphere containing 5% CO2. Fusobacterium nuclea-
tum ATCC 25586 was grown in Schaedler’s broth (Difco Laboratories,
Detroit, MI) for 3 h at 37°C in an anaerobic Coy Chamber (Coy Labora-
tory Products Inc., Grass Lake, MI). Before use, all bacterial cell suspen-
sions were adjusted to contain 1 � 108 CFU/ml (optical density at 600 nm
[OD600], 0.108; Spectronic 20D�; Thermo Fisher Scientific, Inc., Wal-
tham, MA) and diluted with appropriate media to 107 CFU/ml (F. nuclea-
tum), 106 CFU/ml (S. mitis), or 105 CFU/ml (remaining bacteria).

Preparation of lipids. D-Sphingosine, phytosphingosine, dihydro-
sphingosine, and lauric acid were obtained from Sigma Chemical Com-
pany (St. Louis, MO). Sapienic acid was obtained from Matreya Inc.
(Pleasant Gap, PA). The lipids were dissolved in a chloroform-methanol

solution (2:1), and purity was confirmed by thin-layer chromatography.
The lipids, dried under nitrogen, were then suspended in sterile 0.14 M
NaCl to make a 1.0-mg/ml stock solution, sonicated in 5-min increments
to suspend the lipid, and diluted to the desired concentration using 0.14 M
NaCl.

Antimicrobial assays. Broth microdilution assays were used to deter-
mine the MIC (defined as the lowest concentration of lipid that reduced
growth by more than 50%) and the MBC (defined as the lowest concen-
tration of lipid that prevented growth) of each lipid for each bacterium
(15, 24). Briefly, lipid suspensions were diluted in 0.14 M NaCl (500 to 1
�g/ml) in microtiter plates (Immunolon 1 microtiter plates; Thomas Sci-
entific, Swedesboro, NJ). Bacterial cultures in their respective concentra-

TABLE 1 MICs, MBCs, and median MBCs of sphingoid bases and fatty acids for Gram-negative and Gram-positive bacteriaa

Parameter

Valueb

P valueD-Sphingosine Phytosphingosine Dihydrosphingosine Lauric acid Sapienic acid SMAP28c

E. coli
MIC mean 7.8 � 0.0 3.9 � 0.0 15.6 � 0.0 �500.0 � 0.0d �500.0 � 0.0d 1.7 � 0.7
MBC mean 19.6 � 13.6 15.6 � 0.0 39.1 � 15.6 �500.0 � 0.0d �500.0 � 0.0d ND
MBC median 19.6 15.6 31.3 NDd NDd ND P � 0.0001e

P. aeruginosa
MIC mean �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d 1.6 � 0.6
MBC mean �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d ND
MBC median NDd NDd NDd NDd NDd ND

S. marcescens
MIC mean �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d 3.3 � 1.4
MBC mean �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d �500.0 � 0.0d ND
MBC median NDd NDd NDd NDd NDd ND

F. nucleatum
MIC mean 0.7 � 0.2 3.3 � 0.7 2.0 � 0.2 2.1 � 1.0 6.5 � 1.3 0.6 � 0.1
MBC mean 4.9 � 2.0 3.9 � 0.0 2.0 � 0.0 6.8 � 2.0 86.0 � 46.9 ND
MBC median 3.9 3.9 2.0 7.8 93.8 ND P � 0.0001e

S. aureus
MIC mean 1.3 � 0.3 1.6 � 0.3 1.3 � 0.3 250.0 � 0.0 �500.0 � 0.0d 3.3 � 1.3 P � 0.0001e

MBC mean 1.3 � 0.5 7.8 � 0.0 4.7 � 3.7 250.0 � 0.0 62.5 � 0.0 ND
MBC median 1.0 7.8 4.9 250.0 62.5 ND

S. sanguinis
MIC mean 2.0 � 0.0 7.8 � 0.0 0.7 � 0.0 10.4 � 2.6 52.1 � 10.4 5.0 � 0.0
MBC mean 1.3 � 0.5 3.4 � 1.0 1.3 � 0.5 125.0 � 0.0 31.3 � 0.0 ND
MBC median 1.0 3.9 1.0 125.0 31.3 ND P � 0.0001e

S. mitis
MIC mean 0.5 � 0.2 7.8 � 3.9 0.3 � 0.0 15.6 � 0.0 140.2 � 20.8 5.0 � 0.0
MBC mean 0.2 � 0.0 3.0 � 1.1 0.3 � 0.2 15.6 � 11.1 375.0 � 144.3 ND P � 0.0001e

MBC median 0.2 3.0 0.2 11.7 375.0 ND
C. bovis

MIC mean 1.6 � 0.3 5.2 � 1.3 5.2 � 1.3 416.7 � 83.3 �500.0 � 0.0d 0.5 � 0.2
MBC mean 15.6 � 0.0 62.5 � 0.0 15.6 � 0.0 156.3 � 62.5 �500.0 � 0.0d ND
MBC median 15.6 62.5 15.6 125.0 NDd ND P � 0.0001e

C. striatum
MIC mean 1.3 � 0.3 4.2 � 1.3 1.0 � 0.0 250.0 � 0.0 �500.0 � 0.0d 0.02 � 0.0
MBC mean 2.0 � 0.0 7.8 � 0.0 2.0 � 0.0 375.0 � 144.3 �500.0 � 0.0d ND
MBC median 2.0 7.8 2.0 375.0 NDd ND P � 0.0001e

C. jeikeium
MIC mean 5.2 � 1.3 13.0 � 5.2 10.4 � 2.6 208.3 � 41.7 �500.0 � 0.0d 0.03 � 0.0 P � 0.0001e

MBC mean 11.7 � 4.5 31.3 � 0.0 15.6 � 0.0 93.8 � 36.1 �500.0 � 0.0d ND
MBC median 11.7 31.3 2.0 93.8 NDd ND

a Gram-negative bacteria include E. coli, P. aeruginosa, S. marcescens, and F. nucleatum. Gram-positive bacteria include S. aureus, S. sanguinis, S. mitis, C. bovis, C. striatum, and
C. jeikeium.
b Mean MIC and MBC (�g/ml) � standard deviation. ND, not done.
c SMAP28 was used as a positive assay control to show that the microdilution assays were set up properly and that MICs were accurate and within previously reported ranges. MBC
determinations were not completed, and the results were not included in statistical analyses.
d MICs or MBCs are larger than the upper limit of detection for the assay.
e Significance at the 0.05 level. Significance probabilities are associated with the nonparametric Kruskal-Wallis test of the null hypothesis that the distribution of MBCs is the same
across all treatment groups with a specified bacterial species.
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tions and media were then added. Medium without microorganisms was
added to 0.14 M NaCl in wells used as the plate blank negative controls.
Medium with microorganisms was added to 0.14 M NaCl in wells used as
the plate growth positive controls. After appropriate incubation times, the
optical density of bacterial growth was read in the spectrophotometer
(Spectromax Microplate Reader; Molecular Devices Corp., Sunnyvale,
CA), and the MIC was determined. At higher concentrations, the lipids
had an optical density that interfered with the determination of an MIC.
Therefore, MBCs were also derived by plating bacteria from the com-
pleted broth microdilution assays onto 5% sheep blood agar plates
(Remel, Lenexa, KS) and examining for the presence of colonies. MIC and
MBC determinations were repeated in quadruplicate.

SMAP28 [RGLRRLGRKIAHGVKKYGPTVLRIIRIA-(NH2)] was syn-
thesized as previously described (15) by NeoMPS, Inc. (San Diego, CA)
and suspended in 0.14 M NaCl. SMAP28 was included in this study as a
positive control to show that the microdilution assay was set up properly
and that MICs were accurate and within previously reported ranges.
SMAP28 is effective against Gram-positive bacteria, Gram-negative bac-
teria, and fungi but not against some corynebacteria (15).

Killing kinetics assays. Killing kinetics assays were performed using
the spiral-plating method (11). For this, a 3-h culture of each bacterial
suspension, adjusted to the appropriate concentration for each bacterium
(as described above), was split among five groups, and each was mixed
with either 0.14 M NaCl (negative control) or lipids at a concentration
equivalent to 10� the MIC determined in the broth microdilution assays.
At time intervals of 0, 0.5, 1, 2, 3, 4, 6, 8, and 24 h, 1-ml samples of treated
bacteria and controls were removed, serially diluted into 0.14 M NaCl,
and plated onto 5% sheep blood agar plates (Remel, Lenexa, KS) using an
Autoplate 4000 Automated Spiral Plater (Advanced Instruments, Inc.,
Norwood, MA). The plates were incubated appropriately, colonies were
counted using standard spiral-plater methodology, and concentrations
were calculated. Killing kinetics assays were repeated in triplicate.

Statistical analyses. The exact Kruskal-Wallis test was employed to
detect differences in the MICs and MBCs, utilizing a 5% level of statistical
significance. This nonparametric analog to analysis of variance (ANOVA)
was used due to modest sample sizes and violations of the normality
assumptions for parametric procedures. Significance probabilities are for
the test of the null hypothesis that the distribution of outcome values is the
same for all the treatment groups designated. Post hoc pairwise compari-
sons were not performed due to modest sample sizes.

Two measures of killing kinetics were computed and analyzed. The
trapezoidal area under the concentration-time curve (AUC) was used as a
summary measure of bacterial variability over the treatment time course,
and comparisons were made with and without the inclusion of the AUCs
from the control sample. The significance probabilities reported are asso-

ciated with the null hypothesis that the distribution of the trapezoidal area
is the same among the specified treatment groups. A second summary
measure of killing kinetics over time considered was time to zero, defined
as the first time point at which total bacterial counts reached zero. Note
that for certain of these longitudinal assays (i.e., from a given vial), none of
the bacterial counts in the series reached zero. In such instances, the value
of the corresponding time to zero was assigned the highest rank for pur-
poses of analysis. If several such instances occurred in a given analysis, ties
for the highest rank were assigned.

RESULTS

Sphingoid bases and fatty acids had antimicrobial activity for a
variety of Gram-positive and Gram-negative bacteria. MIC, MBC
(Table 1), and kinetic killing curves (Fig. 1A and B; see Fig. S1C to
F in the supplemental material) clearly showed that some sphin-
goid bases and fatty acids were more potent for some microbial
species than for others. For example, sphingoid bases were anti-
microbial for two of the four Gram-negative organisms tested, E.
coli and F. nucleatum (MIC range, 0.7 to 15.6 �g/ml), while fatty
acids were active only for F. nucleatum (MIC range, 2.1 to 6.5
�g/ml). Kinetic assays showed that killing of E. coli and F. nuclea-
tum with sphingosine and phytosphingosine occurred within 0.5
to 2 h (Table 2), whereas killing of F. nucleatum with lauric acid
was more gradual and occurred within 24 h. Time-to-zero out-
comes indicated significant differences among lipid treatments for
F. nucleatum (P � 0.0143). SMAP28 was used as a positive assay
control, and MIC values ranged from 0.1 �g/ml for C. striatum
and C. jeikeium to 10.0 �g/ml for S. marcescens.

Also, sphingoid bases were antimicrobial for all six of the
Gram-positive bacteria (MIC range, 0.3 to 13.0 �g/ml) (Table 1),
and fatty acids were more active for oral streptococcus species
(MIC range, 10.4 to 140.2 �g/ml) than S. aureus (MIC range, 250
to �500 �g/ml). Of the fatty acids, only lauric acid was weakly
antibacterial for C. bovis, C. striatum, and C. jeikeium (MIC range,
208.3 to 416.7 �g/ml). Kinetic assays showed that killing of S.
aureus, S. sanguinis, S. mitis, and C. striatum with sphingosine and
phytosphingosine occurred within 0.5 to 6 h (Table 2) but killing
of S. aureus with lauric acid and killing of S. sanguinis and S. mitis
with sapienic acid was gradual and occurred within 24 h. Time-
to-zero outcome comparisons indicated significant differences
among lipid treatments for S. mitis and C. striatum (P � 0.0036 for
each).

FIG 1 Kinetic killing of select bacteria with lipid treatments at 10 times the MIC. Where no bacteria were recovered, �1 was added to the zero values before log
transformation of the data. A geometric mean of n � 3 is shown for each data point. The error bars show standard errors of the mean (SEM). (A) F. nucleatum
with D-sphingosine, phytosphingosine, and lauric acid. (B) S. sanguinis with D-sphingosine, phytosphingosine, and sapienic acid. Additional kill kinetics are
shown in Fig. S1C to F in the supplemental material.
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Exact Kruskal-Wallis tests confirmed differences among the
lipid treatments (P � 0.0001) for each of the bacterial species, with
the exception of S. marcescens and P. aeruginosa. Comparisons of
the trapezoidal AUCs also showed significant differences among
all treatment lipids for each of the organisms (P � 0.004 in all
instances). When controls were omitted from the analysis, signif-

icant differences were seen among all the lipid treatments com-
pared, except for E. coli, where there was no evidence that the AUC
distributions differed for phytosphingosine and sphingosine (Ta-
ble 3).

It is also worth noting that when bacteria were suspended in a
simple saline solution, kill kinetics assays were vastly different
(data not shown). Complete killing of E. coli and S. aureus, sus-
pended in 0.14 M NaCl with phytosphingosine occurred within
0.5 h. This was a reduction of 3 � 104 CFU/ml for E. coli and 2 �
104 CFU/ml for S. aureus.

DISCUSSION

Lipids typically found on the skin and in mucosa have antimicro-
bial activity against Gram-positive bacteria and Gram-negative
bacteria found on the skin and in the oral cavity. In this study, we
show that the sphingoid bases D-sphingosine, phytosphingosine,
and dihydrosphingosine, as well as the two fatty acids sapienic acid
and lauric acid, had variable antimicrobial activities for a variety of
Gram-positive and Gram-negative bacteria. These results are sim-
ilar to those of others who have shown that sphingosine, dihy-
drosphingosine, and phytosphingosine are active against Candida
albicans (4) and that fatty acids and their monoglycerides are an-
timicrobial for group A and group B streptococcus (2, 10, 17, 23).

Although the exact mechanism of antimicrobial activity of lip-
ids is not fully understood, there are a few possibilities to pursue.
First, antimicrobial lipids may penetrate and disrupt the cell wall
layer of bacteria. In a recent study, we observed that sphingolipids
appeared to lyse S. aureus, but not E. coli (7). After incubation with
sphingolipids, preparations of S. aureus contained lysed cells and
identifiable fragments of the cell wall. Second, antimicrobial lipids
may alter the cytoplasmic membrane of these bacteria. Bergsson
et al. observed that fatty acids disrupted and disintegrated the

TABLE 2 Time-to-zero comparisonsa

Bacterium
Treatment lipids
compared

Median time
to zero (h) P valueb

E. coli Phytosphingosine 2.0 0.10
Sphingosine 0.5

F. nucleatum Phytosphingosine 1.0 0.0143c

Sphingosine 0.5
Sapienic Acid 8.0

S. aureus Phytosphingosine 24.0 0.10
Sphingosine 1.0

S. sanguinis Phytosphingosine 0.5 1.00
Sphingosine 0.5
Sapienic Acid 0.5

S. mitis Phytosphingosine 24.0 0.0036c

Sphingosine 6.0
Lauric Acid 1.0

C. striatum Phytosphingosine 3.0 0.0036c

Sphingosine 4.0
Lauric Acid 0.5

a Time-to-zero comparisons for each bacterial species are shown, along with
significance probabilities for each compared group. Comparisons were made without
the control group, as the control samples did not produce zero values.
b Significance probabilities are associated with the exact nonparametric Kruskal-Wallis
test of the null hypothesis that the distribution of time to zero is the same across all
treatment groups with a specified bacterial species.
c Significance at the 0.05 level.

TABLE 3 Comparisons of the trapezoidal-AUC significance probabilitiesa

Bacterium
AUC of
bacteria alone Treatment lipids compared

AUC of
treatment lipid

Trapezoidal-area significance
probability (P value)b

Including
controls

Excluding
controls

E. coli 249.08 Phytosphingosine 3.82 0.0036c 0.10
Sphingosine 0.75

F. nucleatum 108.13 Phytosphingosine 1.67 0.000065c 0.0036c

Sphingosine 1.00
Sapienic Acid 16.74

S. aureus 201.04 Phytosphingosine 27.17 0.000065c 0.0036c

Sphingosine 1.53
Lauric Acid 169.59

S. sanguinis 180.98 Phytosphingosine 0.63 0.00052c 0.0214c

Sphingosine 0.45
Sapienic Acid 0.40

S. mitis 210.11 Phytosphingosine 2.09 0.000065c 0.0036c

Sphingosine 14.79
Lauric Acid 46.43

C. striatum 13.59 Phytosphingosine 5.92 0.000065c 0.0036c

Sphingosine 8.07
Lauric Acid 0.78

a AUCs for each bacterial species were compared across lipid treatments as a summary measure of viability over the time course. The significance probabilities of these comparisons
are shown.
b Significance probability associated with the exact nonparametric Kruskal-Wallis test of the null hypothesis that the distribution of the trapezoidal area is the same across all
treatment groups within a specified bacterial species.
c Significance at the 0.05 level.
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cytoplasmic membrane of C. albicans (2). We also observed that
sphingolipids appeared to alter the cytoplasmic membrane of S.
aureus, but not E. coli (7). Third, it is also possible that antimicro-
bial lipids may directly penetrate the cell walls and cytoplasmic
membranes of bacteria, enter, and disrupt the cytoplasm, similar
to what was described by Bergsson et al. for S. aureus (3).

The extent to which microorganisms can metabolize sphingoid
bases and fatty acids is not well known. It is possible that concen-
trations of lipids below the MIC can be tolerated and metabolized
and concentrations of lipids above the MIC cannot. It is also pos-
sible that the bacteria used in this study can transport these lipids
into the cell, accumulating them as intracellular inclusions. We
recently observed that sphingolipids induced the formation of in-
tracytoplasmic inclusions (7). Whether these inclusions are com-
posed of accumulated lipids or bacterium-derived proteins is not
yet known and is under investigation.

The high antimicrobial activity and low toxicity of lipids sug-
gest that they may have applications as therapies to prevent or
treat a wide variety of skin infections. These lipids are easy to
obtain, have potent antimicrobial activities, and likely have low
toxicity. In addition to direct antibacterial action, antimicrobial
peptides are also chemotactic and can attract leukocytes to sites of
infection (9, 12). The sphingoid bases are also inhibitors of protein
kinase C and thus can modulate many biochemical actions. In
addition, free sphingosine can be phosphorylated to produce
sphingosine-1-phosphate, which is a potent bioactive metabolite
that regulates diverse processes important for inflammation and
immunity (21).

Phytosphingosine may be an ideal candidate for treating acne
vulgaris (16, 18), as it has been shown to be antimicrobial for
Propionibacterium acnes in vitro; downregulates the proinflamma-
tory chemokines interleukin 8 (IL-8), CXCL2, and endothelin 1 in
primary human keratinocytes; reduces the release of both lactate
dehydrogenase and interleukin 1� in response to sodium dodecyl
sulfate; is anti-inflammatory when tested in an organotypic skin
model; and enhances the resolution of acne when applied topi-
cally. Lauric acid (C12:0) has promise as a potential therapeutic for
the treatment of acne (17). Lauric acid has MICs over 15 times
lower than those of benzoyl peroxide and is not cytotoxic in vitro
to human sebocytes or in vivo in mouse dermis.

Lipids common to the skin and oral cavity, D-sphingosine,
phytosphingosine, dihydrosphingosine, sapienic acid, and lauric
acid, had variable antimicrobial activities for a variety of Gram-
positive and Gram-negative bacteria. Fatty acids and sphingoid
bases may contribute to defensive barrier functions of the skin and
oral cavity and may have potential for prophylactic or therapeutic
intervention in infection.

ACKNOWLEDGMENTS

We thank Bonny Olson and Alissa Villhauer for their help with the assays
in this project.

This work was supported by funds from R01 DE018032 and R01
DEO14390 from the National Institute of Dental and Craniofacial Re-
search, National Institutes of Health.

REFERENCES
1. Arikawa J, et al. 2002. Decreased levels of sphingosine, a natural antimi-

crobial agent, may be associated with vulnerability of the stratum cor-

neum from patients with atopic dermatitis to colonization by Staphylococ-
cus aureus. J. Investig. Dermatol. 119:433– 439.

2. Bergsson G, Arnfinnsson J, Steingrimsson O, Thormar H. 2001. In vitro
killing of Candida albicans by fatty acids and monoglycerides. Antimicrob.
Agents Chemother. 45:3209 –3212.

3. Bergsson G, Arnfinnsson J, Steingrimsson O, Thormar H. 2001. Killing
of Gram-positive cocci by fatty acids and monoglycerides. APMIS 109:
670 – 678.

4. Bibel DJ, Aly R, Shah S, Shinefield HR. 1993. Sphingosines: antimicro-
bial barriers of the skin. Acta Derm. Venereol. 73:407– 411.

5. Brasser A, et al. 2011. Free sphingosine in human saliva. J. Dent. Res.
90(Special issue A):3465. (Abstract.) http://www.dentalresearch.org.

6. Brasser AJ, et al. 2011. Presence of wax esters and squalene in human
saliva. Arch. Oral Biol. 56:588 –591.

7. Bratt CL, Dawson D, Drake D, Brogden KA, Wertz P. 2010. Oral
mucosal lipids: antibacterial activity and induction of ultrastructural
damage. J. Dent. Res. 89(Special issue A):679. (Abstract.) http://www
.dentalresearch.org.

8. Cameron DJ, et al. 2007. Essential role of Elovl4 in very long chain fatty
acid synthesis, skin permeability barrier function, and neonatal survival.
Int. J. Biol. Sci. 3:111–119.

9. Dale BA. 2002. Periodontal epithelium: a newly recognized role in health
and disease. Periodontol. 2000 30:70 –78.

10. Drake DR, Brogden KA, Dawson DV, Wertz PW. 2008. Thematic review
series: skin lipids. Antimicrobial lipids at the skin surface. J. Lipid Res.
49:4 –11.

11. Drake DR, Wiemann AH, Rivera EM, Walton RE. 1994. Bacterial
retention in canal walls in vitro: effect of smear layer. J. Endod. 20:78 – 82.

12. Gallo RL, Murakami M, Ohtake T, Zaiou M. 2002. Biology and clinical
relevance of naturally occurring antimicrobial peptides. J. Allergy Clin.
Immunol. 110:823– 831.

13. Grice EA, Segre JA. 2011. The skin microbiome. Nat. Rev. Microbiol.
9:244 –253.

14. Jungersted JM, Hellgren LI, Jemec GB, Agner T. 2008. Lipids and skin
barrier function—a clinical perspective. Contact Dermatitis 58:255–262.

15. Kalfa VC, et al. 2001. Congeners of SMAP29 kill ovine pathogens and
induce ultrastructural damage in bacterial cells. Antimicrob. Agents Che-
mother. 45:3256 –3261.

16. Klee SK, Farwick M, Lersch P. 2007. The effect of sphingolipids as a new
therapeutic option for acne treatment. Basic Clin. Dermatol. 40:155–166.

17. Nakatsuji T, et al. 2009. Antimicrobial property of lauric acid against
Propionibacterium acnes: its therapeutic potential for inflammatory acne
vulgaris. J. Investig. Dermatol. 129:2480 –2488.

18. Pavicic T, Wollenweber U, Farwick M, Korting HC. 2007. Anti-
microbial and -inflammatory activity and efficacy of phytosphingosine: an
in vitro and in vivo study addressing acne vulgaris. Int. J. Cosmet. Sci.
29:181–190.

19. Proksch E, Brandner JM, Jensen JM. 2008. The skin: an indispensable
barrier. Exp. Dermatol. 17:1063–1072.

20. Smith KR, Thiboutot DM. 2008. Thematic review series: skin lipids.
Sebaceous gland lipids: friend or foe? J. Lipid Res. 49:271–281.

21. Spiegel S, Milstien S. 2011. The outs and the ins of sphingosine-1-
phosphate in immunity. Nat. Rev. Immunol. 11:403– 415.

22. Takigawa H, Nakagawa H, Kuzukawa M, Mori H, Imokawa G. 2005.
Deficient production of hexadecenoic acid in the skin is associated in part
with the vulnerability of atopic dermatitis patients to colonization by
Staphylococcus aureus. Dermatology 211:240 –248.

23. Thormar H, Hilmarsson H. 2007. The role of microbicidal lipids in host
defense against pathogens and their potential as therapeutic agents. Chem.
Phys. Lipids 150:1–11.

24. Turner J, Cho Y, Dinh NN, Waring AJ, Lehrer RI. 1998. Activities of
LL-37, a cathelin-associated antimicrobial peptide of human neutrophils.
Antimicrob. Agents Chemother. 42:2206 –2214.

25. Zarco MF, Vess TJ, Ginsburg GS. 11 August 2011. The oral microbiome
in health and disease and the potential impact on personalized dental
medicine. Oral Dis. [Epub ahead of print.] doi:10.1111/j.1601-
0825.2011.01851.x.

26. Zouboulis CC. 2004. Acne and sebaceous gland function. Clin. Dermatol.
22:360 –366.

27. Zouboulis CC, et al. 2008. Frontiers in sebaceous gland biology and
pathology. Exp. Dermatol. 17:542–551.

Antibacterial Activity of Lipids against Bacteria

March 2012 Volume 56 Number 3 aac.asm.org 1161

http://aac.asm.org

