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Oral mucosal lipids are antibacterial against
Porphyromonas gingivalis, induce ultrastructural
damage, and alter bacterial lipid and protein
compositions

Carol L Fischer', Katherine S Walters?, David R Drake"*, Deborah V Dawson"*, Derek R Blanchette’,
Kim A Brogden"’ and Philip W Wertz"*

Oral mucosal and salivary lipids exhibit potent antimicrobial activity for a variety of Gram-positive and Gram-negative bacteria;
however, little is known about their spectrum of antimicrobial activity or mechanisms of action against oral bacteria. In this study, we
examine the activity of two fatty acids and three sphingoid bases against Porphyromonas gingivalis, an important colonizer of the oral
cavity implicated in periodontitis. Minimal inhibitory concentrations, minimal bactericidal concentrations, and kill kinetics revealed
variable, but potent, activity of oral mucosal and salivary lipids against P. gingivalis, indicating that lipid structure may be an important
determinant in lipid mechanisms of activity against bacteria, although specific components of bacterial membranes are also likely
important. Electron micrographs showed ultrastructural damage induced by sapienic acid and phytosphingosine and confirmed
disruption of the bacterial plasma membrane. This information, coupled with the association of treatment lipids with P. gingivalis lipids
revealed via thin layer chromatography, suggests that the plasma membrane is a likely target of lipid antibacterial activity. Utilizing a
combination of two-dimensional in-gel electrophoresis and Western blot followed by mass spectroscopy and N-terminus degradation
sequencing we also show that treatment with sapienic acid induces upregulation of a set of proteins comprising a unique P. gingivalis
stress response, including proteins important in fatty acid biosynthesis, metabolism and energy production, protein processing, cell
adhesion and virulence. Prophylactic or therapeutic lipid treatments may be beneficial for intervention of infection by supplementing
the natural immune function of endogenous lipids on mucosal surfaces.
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INTRODUCTION

pathogens; P. gingivalis is more likely to be found in patients with
3-5

Infection and inflammation in the oral cavity ranges from gin-
givitis, a mild and reversible inflammation of the gingiva, to
aggressive periodontitis, a chronic inflammation and associated
exaggerated immune response’ that leads to progressive destruc-
tion of the periodontal ligament and alveolar bone. Dependent
upon oral hygiene, socioeconomic status and other environmental,
genetic and metabolic risk factors, periodontitis occurs in just over
47% of the population of the United States with a prevalence of
8.7, 30.0 and 8.5% for mild, moderate, and severe periodontitis,
respectively.”

Porphyromonas gingivalis, one of more than 600 bacterial species
found in the oral cavity, is among the most influential periodontal

periodontitis and less likely to be present in healthy individuals.
Furthermore, P. gingivalis shows a strong positive relationship with
two parameters important in the diagnosis of periodontitis: increased
sulcular pocket depth and bleeding upon probing.>™ This Gram-
negative, black pigmented, strict anaerobic coccobacillus is recognized
as a late colonizer in the development of oral biofilms,*® where the
multitude of virulence factors produced by P. gingivalis contributes to
its pathogenicity.” Additionally, P. gingivalis produces many proteins,
enzymes, and metabolic end products that are important to its survival
and growth within the host because they are active against a broad
spectrum of host proteins and provide mechanisms for evasion of host
defenses.”
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Control of oral bacteria is mediated by a diverse array of specific and
non-specific innate immune factors present in saliva and on mucosal
surfaces.*” More than 45 antimicrobial proteins and peptides are
grouped into functional families that include cationic peptides, metal
ion chelators, histatins, defensins, bacterial adhesions and agglutina-
tors, and enzymes directed at the bacterial cell wall. The physiological
concentration of most salivary antimicrobial proteins and peptides,
however, is lower than the effective concentration in vivo® which sug-
gests that there may be additional immune functions within the saliva.

Lipids, although less well known, are also important innate immune
molecules.’®"" Saliva contains an array of lipids that include cho-
lesterol, fatty acids, triglycerides, wax esters, cholesterol esters and
squalene.'*™*> These lipids contribute to a variety of cellular and
immune-related processes including transport of fat-soluble antioxi-
dants to and from the mucosal surfaces, the pro- and anti-inflammatory
properties of mucosal surfaces, and the innate antimicrobial activity of
mucosal surfaces."*™® Sphingoid bases and short chain fatty acids, of
epithelial and sebaceous gland origin, are found within the saliva, the
stratum corneum of the gingiva and hard palate, and the mucosal
epithelium. These sphingoid bases and short chain fatty acids exhibit
antimicrobial activity against a variety of Gram-positive and Gram-
negative bacteria.'®'*™** Recent work suggests these lipids are also likely
involved in innate immune defense against epidermal and mucosal
bacterial infections.'™'* However, relatively little is known about the
spectrum of lipid activity against oral bacteria or the mechanisms of
action.

In this study, we examine the antimicrobial activity of sphingoid
bases: sphingosine, dihydrosphingosine and phytosphingosine, and
fatty acids: sapienic acid and lauric acid, commonly found within
the oral cavity, against P. gingivalis. We also explore potential mecha-
nisms of action for select lipid-organism combinations and present
their potential as pharmaceuticals to improve therapies for treatment
of mucosal infections and inflammatory disorders.

MATERIALS AND METHODS

Bacterial species and growth conditions

P. gingivalis strain 381 was cultured in Tryptic Soy Broth (Difco
Laboratories, Detroit, MI, USA) supplemented with vitamin K; and
hemin (Sigma Chemical Co., St Louis, MO, USA) and incubated at
37 C in an anaerobic chamber (Coy Laboratory Products Inc., Grass
Lake, MI, USA) containing an atmosphere of 85% N,, 10% H, and 5%
CO,. Unless otherwise noted, we transferred cells to fresh medium and
grew them overnight before adjusting to contain 1X10® CFU-mL™"
(optical density (OD) 0.108, 600 nm; Spectronic 20D+; Thermo
Fisher Scientific Inc., Waltham, MA, USA) and then diluting to a
concentration of 1 X 10”7 CFU-mL ™. Unless otherwise noted, controls
for all assays included medium only (sterility control), P. gingivalis
samples treated with 0.14 mol-L™' NaCl (negative treatment control
and positive growth control), sheep myeloid antimicrobial protein
(SMAP28) (positive control) and chlorhexidine (positive control).

Preparation of lipids

Phytosphingosine, D-sphingosine (e.g. sphingosine), D-erythro-
dihydrosphingosine (e.g. dihydrosphingosine) and lauric acid were
obtained from Sigma Chemical Co. Sapienic acid was obtained from
Matreya Inc. (Pleasant Gap, PA, USA). We dissolved lipids in a chlo-
roform : methanol solution (2:1) and confirmed purity by thin-layer
chromatography (TLC). Lipids, dried under nitrogen, were then
mixed with sterile 0.14 mol-L™" NaCl to make a 1.0 mg-mL ™" stock
solution, sonicated for 30 minutes in a 37 C bath sonicator (Branson
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2200, Hayward, CA, USA) in five minute increments to suspend the
lipid, and diluted to the desired concentration using 0.14 mol-L ™" NaCl.

Sheep myeloid antimicrobial protein (SMAP28), a cathelicidin
effective against many bacteria and fungi,”> was included in this study
as a positive control to show that the microdilution assays were set up
properly and minimal inhibitory concentrations were accurate and
within previously reported ranges.**>> SMAP28 was synthesized as
previously described®® by NeoMPS Inc. (San Diego, CA, USA) and
suspended in 0.14 mol-L ™" NaCl for all assays.

Antimicrobial assay
Using broth microdilution assays, we determined the minimum
inhibitory concentration (MIC) for each bacteria—lipid combina-
tion.”® We serially diluted lipids in 0.14 mol-L™" NaCl (500—
1 ug'mL™") in microtiter plates (Immunolon 1 microtiter plates;
Thomas Scientific, Swedesboro, NJ, USA) and added P. gingivalis at
a concentration of 1 X10” CFU-mL ™. After incubation for five days as
described above, we read the OD (1=600 nm) of bacterial growth
in a spectrophotometer (Spectromax Microplate Reader; Molecular
Devices Corp., Sunnyvale, CA, USA) and determined the MIC,
defined as the lowest concentration of peptide or lipid that reduced
growth by more than 50% (relative to the positive controls).
Minimum bactericidal concentrations (MBCs), defined as the low-
est concentration of peptide or lipid that completely killed all bacteria
in a suspension, were determined by plating bacteria from the com-
pleted broth microdilution assays onto CDC formulation anaerobic
5% sheep blood agar plates (Remel, Lenexa, KS, USA). We incubated
plates for seven days as described above before examination of the
plates for the presence of CFU.

Kill kinetics

Using the spiral plating method,” we assessed kill kinetics for each
lipid against P. gingivalis. For this, we prepared a 1X10” CFU-mL™*
suspension of P. gingivalis, divided this suspension into tubes for each
treatment and added either 0.14 mol-L~! NaCl, SMAP28, clorhexi-
dine, or each of the lipids at a concentration equivalent to 10X the
MIC determined in the broth microdilution assays. At time intervals
of 0, 0.5, 1, 2, 3, 4, 6, 8 and 24 h, we serially diluted one-ml samples
from each treatment into 0.14 mol-L ™" NaCl and plated the diluted
samples onto CDC formulation anaerobic 5% sheep blood agar plates
(Remel) using an Autoplate 4000 Automated Spiral Plater (Advanced
Instruments Inc., Norwood, MA, USA). After incubating for 7 days we
counted the CFU and calculated concentrations.

Ultrastructural analyses of lipid-exposed bacterial cells

Broth cultures of P. gingivalis were adjusted to 1X10” CFU-mL™" in
growth media as described above, and treated with 80 ug-mL ™" phyto-
sphingosine, 586 pg-mL~" sapienic acid, 50 pg-mL~' SMAP28 or
0.14 mol-L ™! NaCl for 1 h. To visualize cells in various stages of death,
we based incubation times on kill kinetics so that each suspension
contained both viable (<50%) and non-viable (>50%) cells.

For examination by transmission electron microscopy (TEM),
treated P. gingivalis were fixed in 2.5% glutaraldehyde in 0.1 mol-L ™"
sodium cacodylate buffer, pH 7.4, for 1 h in an ice bath, and washed
twice in 0.1 mol-L™" sodium cacodylate buffer (pH 7.4) for 20 min.
We then pelleted the bacteria by centrifugation, suspended the cells in
warm 0.9% agarose in 0.1 mol-L ™" sodium cacodylate buffer, pH 7.4,
and allowed the agarose to congeal before dicing it into 1-mm cubes.
After two washes in 0.1 mol-L ™! sodium cacodylate buffer, pH 7.4, for
20 min, we treated the cubes with 1% osmium tetroxide for 1 h,
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washed them again in 0.1 mol-L ™" sodium cacodylate buffer, and then
dehydrated the cubes in a series of 30%, 50%, 70%, 95% and absolute
ethanol solutions. After clearing in propylene oxide, we infiltrated the
cubes with a propylene oxide—Epon mixture (1:1), embedded them in
Epon, and polymerized at 60 ‘C for 48 h. Finally, we cut ultrathin
sections from each cube, placed sections on formvar-coated nickel
grids, and stained with 5% uranyl acetate and Reynold’s lead citrate.
We examined samples for intracellular damage using a JEOL TEM-
1230 transmission electron microscope (JEOL USA Inc., Peabody,
MA, USA).

For examination by scanning electron microscopy (SEM) treated or
untreated P. gingivalis were layered on a nucleopore membrane (SPI
Supplies, West Chester, PA, USA), fixed in 2.5% glutaraldehyde in
0.1 mol-L ™! sodium cacodylate buffer (pH 7.4) for 1 h in an ice bath,
and washed twice in 0.1 mol-L™" sodium cacodylate buffer (pH 7.4)
for 4 min. We then further fixed samples with 1% osmium tetroxide
for 30 min, washed them twice in double distilled water, and then
dehydrated them in a series of 25%, 50%, 75%, 95% and absolute
ethanol solutions followed by hexamethyldisilizane. After mounting
the membranes containing bacteria onto stubs, we sputter coated
them with gold and palladium, and examined each sample for surface
damage using a Hitachi S-4800 field emission scanning electron mic-
roscope (Hitachi High-Technologies Canada Inc., Toronto, Ont.,
Canada).

Lipid analysis

Broth cultures of P. gingivalis were incubated with each of sphingosine,
dihydrosphingosine, phytosphingosine, sapienic acid, lauric acid and
0.14 mol-L™" NaCl at 500 pug-mL~" (total volume of each treatment
was 5 mL) for 1.5 h at 37 °C. After treatment with lipids, we divided
each sample and processed half for lipid analysis and half for protein
analysis (next section). Before pelleting by centrifugation, bacteria
were killed by adding 0.05% sodium azide. After freezing these
whole-cell pellets at —80 ‘C, we lyophilized the bacteria, and extracted
the lipids using a previously described method*® consisting of succes-
sive extractions of chloroform:methanol mixtures (2:1,1:1and 1:2)
at room temperature. Extracted lipids were recovered by evaporation
of the solvent under a stream of nitrogen. To purify the samples, we
redissolved each sample in 5 mL chloroform:methanol (2:1) and
washed the solution with 1 mL 2 mol-L™" potassium chloride
(20%, VIV) to remove salts and other water soluble materials.”® The
resulting upper phase was discarded and the lower phase, containing
purified lipids, was again dried under nitrogen. The dried lipids were
reconstituted in chloroform:methanol, 2:1 at a concentration of
10 mg-mL~". Additional controls included suspensions of each treat-
ment lipid in sterile bacterial growth medium followed by centrifu-
gation and resuspension in chloroform:methanol (2:1) to test the
ability of each lipid to sediment or adhere to the tube, which would
cause false positive results.

The lipids from each treatment and control were separated by
quantitative TLC as previously described.>® We obtained glass-backed
plates coated with a 250 pum thickness of silica G gel (Alltech
Associates, Deerfield, IL, USA) and prepared the plates by washing
with chloroform:methanol (2:1) to remove organic contaminants.
Plates were then air-dried and activated ina 110 C oven. After dividing
the silica gel G plates into six-mm wide lanes, we spotted total
extracted lipids from each sample onto the lanes and developed these
chromatograms differentially for each lipid class.

Chromatograms for separation of sphingoid bases were developed
in chloroform : methanol : water (40:10:1). Sphingosine served as a
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standard for quantification.®® For separation of fatty acids, chromato-
grams were developed in three sequential solvents/mixtures: (i) n-hexane;
(ii) toluene; and (iii) hexane : ethyl-ether : acetic acid (70:30:1). A stand-
ard containing squalene, cholesterol esters, wax esters, triglycerides, fatty
acids and cholesterol was used to identify migration of the fatty acids. For
development of chromatograms, we sprayed each plate with 50% sulfuric
acid and charred the lipid bands by heating slowly to 220 C on a hotplate.
Digital images were obtained using a Hewlett-Packard Scanjet 3500c and
analyzed using TNIMAGE (Thomas Nelson, Bethesda, MD, USA) in strip
densiometry mode to estimate the total extracted lipid weight in each of
the treated and untreated bacterial samples as well as controls. To calculate
the percentage of lipid uptake for each sample we divided the total
extracted lipid weight by the total weight of lipid added to each sample.
Because P. gingivalis plasma membrane naturally contains dihydrosphin-
gosine,”> total sphingoid base lipids were normalized by subtracting the
total sphingoid base weight present in the untreated P. gingivalis controls.

Protein analyses

For analysis by reducing-sodium dodecyl sulfate (SDS)—polyacrylamide
gel electrophoresis (PAGE), lipid-treated and untreated P. gingivalis
samples (remaining from samples processed for lipid analysis), sus-
pended in SDS reducing sample buffer, were sonicated in a bath soni-
cator five times at 3 min each time, cooling on ice between each
sonication event, before boiling for 8 min. After denaturing the proteins,
we loaded the samples onto a NuPage 4%—12% BisTris 1.5 mm gel (Life
Technologies, Grand Island, NY, USA) and separated the protein frac-
tions using the XCell SureLock Mini-Cell Electrophoresis System
(Invitrogen, Carlsbad, CA, USA) in a buffer system of NuPage 1X
MOPS SDS running buffer and 0.1% NuPage antioxidant (Life
Technologies, Grand Island, NY, USA). We used Novex Sharp Protein
Standards as size markers (Life Technologies, Grand Island, NY, USA).

Protein bands were then visualized using the GenScript eStain
Protein Staining System (Piscataway, NJ, USA) or transferred onto
polyvinylidene difluoride membranes (Life Technologies, Grand
Island, NY, USA) for Western blot analysis using the XCell II Blot
Module Western Blot system (Invitrogen, Carlsbad, CA, USA) in a
buffer of NuPage 1X transfer buffer with 0.1% antioxidant (Life
Technologies, Grand Island, NY, USA). After transfer of proteins to
the polyvinylidene difluoride membrane, we visualized proteins using
a0.1% Coomassie Brilliant Blue R-250 stain (Sigma Chemical Co., St
Louis, MO, USA) in 40% methanol and 10% acetic acid, followed by
destaining in methanol : acetic acid : water solutions (40:10: 50, then
90:5:5). Bands of interest were excised and sequenced (Protein
Facility, Jowa State University, Ames, IA, USA) by the Edman N-
terminus degradation process and BLAST searches of the National
Center for Biotechnology Information (NCBI) P. gingivalis protein
database identified upregulated protein bands of interest.

In addition, we used two-dimensional in-gel electrophoresis (2D-
DIGE) (Applied Biomics, Hayward, CA, USA) to compare proteins pre-
sent in sapienic acid-treated and untreated P. gingivalis. For 2D-DIGE,
treated and untreated samples were labeled with different fluorescent
dyes, mixed, and then separated first by isoelectric point, followed by
molecular weight separation. From the resulting gels, we chose 16 spots
indicative of upregulated proteins in the sapienic acid-treated sample for
sequencing by mass spectroscopy. Sequences were identified by an
NCBInr BLAST search of the P. gingivalis protein database.

Cytotoxicity
The cytotoxicity of sphingosine, phytosphingosine, dihydrosphingo-
sine and glycerol monolaurate was determined using Alamar Blue



(AlamarBlue; Invitrogen, Carlsbad, CA, USA). Briefly, 200 uL of a
keratinocyte suspension containing 1X10° cells'mL ™" (normal human
keratinocytes in KBM-Gold; Lonza Walkersville Inc., Walkersville, MD,
USA) was put into the wells of a microtiter plate and incubated at
37 Cin a 5% CO, atmosphere to allow adherence of cells. After 2 h,
the cell culture supernatant was removed and media containing 160.0,
80.0, 40.0, 20.0, 10.0, 5.0, 2.5, 1.3, 0.6 and 0.3 prnomei1 sphingosine,
phytosphingosine or dihydrosphingosine with Alamar Blue was
added. Media only containing keratinocytes served as live cell controls
and media containing keratinocytes heated to 56 “C for 30 min served
as killed cell controls. The plates were incubated at 37 'C with 5% CO.,.
At 48 h, the plates were read in the spectrophotometer (SpectraMax
M2e Multi-Mode Microplate Reader; Molecular Devices, LLC,
Sunnyvale, CA, USA) and the fluorescence intensity was determined
using an excitation wavelength of 530-560 nm and an emission wave-
length of 590 nm. Cytotoxicity was defined as the (fluorescence intensi-
ty of the test long chain base dilution/fluorescence intensity of the live
cell control) X100%. The lethal dose 50 (LDs,) was determined where
the 50% point intercepts the dose response curve to the concentration
along the x-axis.

Statistical analyses

Preliminary evaluation of MIC, MBC and kill kinetics data using the
Shapiro—Wilk procedure provided strong evidence of departure from
normality; consequently, non-parametric procedures were used
throughout. The Kruskal-Wallis test was employed to detect treat-
ment differences in MIC and MBC distribution; the adaptation of
the Tukey method due to Conover®® was used to adjust for multiple
pairwise comparisons of lipid treatment groups in conjunction with
an overall 5% level of significance.

Two summary measures of kill kinetics were computed for com-
parison of longitudinal data between treatment groups. Trapezoidal
area under the curve (AUC) was used as a summary measure of bac-
terial variability over the treatment time course®”>® where larger AUC
values correspond to greater viability. Comparisons were made with
and without the inclusion of AUCs from the control sample. A second
summary measure of kill kinetics over time considered was time to
zero, defined as the first time point at which total bacterial counts
reached zero (complete killing). Because samples sizes were modest,
the overall test for treatment differences for these two outcomes was
conducted using exact Kruskal-Wallis tests. Pair-wise comparisons
were made using exact Wilcoxon Rank Sum tests with Bonferroni
correction for multiple comparisons, again in conjunction with an
experiment-wise Type I error level of 5%. 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 purposes
of analysis. If several such instances occurred in a given analysis, ties
corresponding to the highest rank were assigned.

RESULTS

All lipids exhibited antimicrobial activity against P. gingivalis with
variability in the activity across lipids. Sphingoid bases ranged in
MIC from 0.2 to 0.8 pg-mL™", while fatty acids MICs ranged from
58.6 to 125.0 ug-mL71 (Table 1). Distribution of both MIC and
MBC values differed among the treatment groups (P<<0.000 1) and
all 10 pairwise comparisons were significantly different for MICs (P
values <0.000 1-0.001 4) and MBCs (P values <0.000 1-0.000 2).
MICs for all three sphingoid bases against P. gingivalis were lower
than SMAP28 and chlorhexidine MICs and were far below the LDs,
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Table 1 Minimum lipid concentrations required to inhibit or kill P.
gingivalis. Pairwise comparisons showed that all MIC and MBC values
for lipid treatments were significantly different from each other (5%
level of statistical significance)

Mean?=s.d. (median) of concentration/(ug-mL™1)

Compounds MIC MBC

Sphingosine 0.2+0.8 (0.2) 0.3+0.0(0.3)
Phytosphingosine 0.8+0.3 (0.8) 1.0+0.0(1.0)
Dihydrosphingosine 0.4+0.2 (0.4) 0.5+0.2 (0.6)

Sapienic acid 58.6+11.0 (58.6) 62.5+0.0 (62.5)
Lauric acid 125.0%0.0 (125.0) 218.8+57.9 (250.0)
SMAP-28° 5.0+0.0 (5.0) 20.0+0.0 (20.0)
Chlorhexidine 3.9+0.0(0.0) 7.8+0.0(0.0)

MBC, minimum bactericidal concentration; MIC, minimum inhibitory
concentration.

?Mean=standard deviation (median); n=8 per lipid treatment.

P SMAP28 and chlorhexidine were used as positive controls to show that the
microdilution assays were set up properly and MICs/MBCs were accurate and within
previously reported ranges; SMAP28 and chlorhexidine results were not included in
the statistical analysis.

of sphingosine (23.68+1.76 SEM LDs), phytosphingosine (55.72=*
5.59 SEM LDs,) and dihydrosphingosine (33.59+6.60 SEM, LDs) for
human keratinocytes.

Sapienic acid rapidly killed P. gingivalis, with complete death occur-
ring before the first sampling time of six minutes (Figure 1). The
remaining lipid treatments greatly reduced the bacterial count within
six minutes with complete killing occurring in almost all instances
within thirty minutes. Phytosphingosine had the longest time to zero

-©- P. gingivalis 381 (growth cntrl)
-8 + Sphingosine

-&- + Phytosphingosine

-¥ + Dihydrosphingosine

-©- + Sapienic acid

=% + Lauric acid

144

N
N
N

N
o
1

—

Number of cells/(CFU-mL-1, Ig)

© 0 & P
Time/h

Figure 1 Kill kinetics for all lipid treatments against P. gingivalis. Geometric
mean of n=6 is shown for each data point. Error bars represent the SEM; where
error bars are not evident, the SEM was zero. All treatments were started ata CFU
equal to the control; therefore, time zero is equal to that of the control before
adding treatment. Where no bacteria were recovered, +1 was added to zero
values before log transformation of the data. Trapezoidal area under the curve
was calculated as a summary measure of P. gingivalis viability over the time
interval 0.1-24 h. AUC values of: control—574.0; sphingosine—1.3; phyto-
sphingosine—>5.3; dihydrosphingosine—3.2; sapienic acid—0.0; and lauric
acid—1.7 were obtained. All pairwise treatment differences were significant
(P<0.002 2) after adjustment for multiple pairwise comparisons. AUC, area
under the curve; SEM, scanning electron microscopy.
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Figure 2 SEM images showing the effects of sphingoid base and fatty acid treatments on P. gingivalis. Untreated cells (al, a2) exhibit morphology typical of P.
gingivalis Gram-negative coccobacilli. One hour treatments of P. gingivalis with phytosphingosine (b1, b2), sapienic acid (c1, c2) or SMAP28 (d1, d2) resulted in
evidence of cellular distortion relative to the untreated bacterium including concave and rugate cells, closer aggregation of cells and/or lysis, some with detached pieces

of membrane lying adjacent to the cells. SEM, scanning electron microscopy.

at 1 h. Time to zero analyses (Supplementary Table 1) showed that
sapienic acid had the shortest time to zero (<6 min) while phyto-
sphingosine had the longest (1 h). There was strong evidence of diffe-
rences among treatment groups (P<<0.000 1 in both instances).
Following adjustment for multiple comparisons, significant differen-
ces in time to zero were identified between sapienic acid and phyto-
sphinogosine, as well as between these two lipids and each of the other
three treatments (Supplementary Table 2). No difference was found
between dihydrosphingosine, sphingosine and lauric acid, as all three
treatments had a median time to zero of 30 min.

International Journal of Oral Science

Trapezoidal area AUC, calculated over the time interval 0.1-24 h,
was 574.0 for the control; sphingosine—1.3; phytosphingosine—5.3;
dihydrosphingosine—3.2; sapienic acid—0.0; and lauric acid—1.7
(Supplementary Table 3). After Bonferonni adjustment (adjusted
2=0.033) for 15 comparisons, the outcome for each treatment was found
to significantly differ from that of each of the others (P<<0.002 2) over
this time period (Supplementary Table 4).

Scanning electron micrographs demonstrated that P. gingivalis cells
treated with phytosphingosine (Figure 2, bl and b2) or sapienic acid
(Figure 2, c1 and c2) showed various stages of lysis. Cellular debris and
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Figure 3 TEM images showing the ultrastructural effects of sphingoid bases and fatty acids on P. gingivalis. Untreated cells (al-a3) exhibited typical Gram-
negative coccobacillus morphology with outer membrane (OM), capsule (C), periplasmic space (PS), peptidoglycan (PG), cellular membrane (CM), distinct nucleoid
(N) and ribosomal (R) regions and outer membrane vesicles (V). One hour treatments of P. gingivalis with phytosphingosine (b1-b4), sapienic acid (c1-c4) or
SMAP28 (d1-d4) resulted in cellular distortion relative to untreated bacteria. Evidence of ultrastructural damage is indicated by the colored arrows: separation of the
outer membrane from the cytoplasmic membrane (red); missing pieces of membrane (black); leakage of cytoplasmic contents (white); and detached membrane lying

adjacent to cells (yellow). TEM, transmission electron microscopy.

detached pieces of membrane lay adjacent to the cells. Many cells
were distorted with a concave and rugate appearance and loss of
cellular content. In addition, the cells were more closely aggregated
and increased numbers of external blebs (relative to controls) were
present on and around the bacteria. Similar to lipid-treated bacteria,
SMAP28-treated P. gingivalis (Figure 2, d1 and d2) also distorted with
concave and rugate morphology and was in various stages of lysis with
loss of intracellular content. Untreated P. gingivalis (Figure 2, al and
a2) cells exhibited an external structure typical of a healthy Gram-
negative coccobacillus” with multiple blebs present on the cell surface
(Figure 2, a2).

Examination of untreated P. gingivalis thin sections by TEM
(Figure 3, al-a3) revealed typical Gram-negative morphology’®™*'
and internal structures were visible. All lipid-treated and SMAP28-
treated cells, however, exhibited intracellular damage. Detached mem-
brane was lying adjacent to damaged cells and increased numbers of
blebs (relative to controls) were present on and around the cells.
Phytosphingosine (Figure 3, bl-b4) and SMAP28 (Figure 3, d1-d4)
treatment induced separation of the outer membrane from the cyto-
plasmic membrane. Plasma membranes were compromised, with leak-
age of cellular contents. Both treatments also caused a loss of distinct
nucleoid and ribosomal regions in many cells and a decrease in the
electron density of the cytoplasmic contents. Treatment with sapie-
nic acid (Figure 3, cl—c4) induced a different type of membrane
disruption. Many sapienic acid-treated cells exhibited a bunching, or

‘scrubbing’, of the outer membrane. Pieces of the cell wall/membrane
complex were missing in many cells and loose membrane pieces
were lying adjacent to damaged cells, resulting in leakage of cellular
contents.

Chromatographic separation of total lipid extracts from fatty acid
or sphingoid base-treated P. gingivalis confirmed the presence of con-
siderable amounts of treatment lipid in every sample relative to
untreated P. gingivalis controls (Figure 4). P. gingivalis retained
30%-55% of the treatment lipids added to each sample, indicating asso-
ciation of both fatty acids and sphingoid bases with P. gingivalis lipids.
Uptake of treatment lipids varied across treatments with fatty acids
showing more association with bacterial lipids than sphingoid bases.

P. gingivalis protein expression also changed with lipid treatment.
Protein analysis by SDS-PAGE revealed differential banding patterns
between untreated and lipid-treated P. gingivalis samples (Figure 5).
The most striking differences were seen with sapienic acid treatment.
Further analysis of sapienic acid-treated P. gingivalis through Western
blot and 2D-DIGE confirmed the differential expression of many pro-
teins relative to an untreated sample. Upon sequencing of 16 upregu-
lated protein spots from the 2D-DIGE gel (Figure 6), and seven bands
from Western blots, we found proteins involved in biosynthesis of
bacterial lipids, metabolism and energy production, metabolism in
diverse environments, amino-acid biosynthesis, acquisition of pep-
tides, degradation of polypeptides, cell adhesion and virulence
(Table 2).
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Figure 5 SDS-PAGE separation of proteins in untreated and sapienic acid-
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Figure 6 2D-DIGE gel showing P. gingivalis protein differences in untreated
and sapienic acid-treated samples. Red spots indicate upregulation of proteins
in treated samples and green spots indicate downregulated proteins, relative to
the control sample. Yellow spots indicate colocalization (where the same proteins
were present in both samples). We chose 16 spots (red arrows) for further ana-
lysis and sequenced them by mass spectroscopy. 2D-DIGE, two-dimensional in-
gel electrophoresis.
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Table 2 Identification of P. gingivalis upregulated protiens upon treatment with sapienic acid. Identification was completed by separation by
2D-DIGE followed by sequencing by mass spectroscopy or by WB followed by sequencing via N-terminus degradation

Protein (identification source), gene and accession

Sequence length/aa (MW/Da)

Function and bidogical process

3-oxoacyl-[acyl-carrier-protein] synthase 2 (2D-DIGE) 418 Transferase
fabF (44 491.4) Fatty acid biosynthesis; fatty acid elongation; lipid synthesis
gil 34541387
3-oxoacyl-[acyl-carrier-protein] synthase 3 (KASIII) (2D-DIGE) 335 Transferase
fabH (37 174.4) Fatty acid biosynthesis, elongation;’ lipid synthesis
FABH_PORGI
NAD-dependent Glutamate dehydrogenase (GDH) (2D-DIGE & WB) 437 Oxidoreductase
gdh (48 218.8) Cellular amino acid metabolic processes (R, P, A, D, and E);
gil 334146994; AAA50985 nitrogen metabolism, virulence (cytotoxic by-products);
glutamate energy metabolism; degradation of amino acids
(energy source)
Glyceraldehyde 3-phosphate dehydrogenase, type | (2D-DIGE) 336 Oxidoreductase/NAD binding
gapA (35992.4) Microbial metabolism in diverse environments; glycolysis/
gil34541701 gluconeogenesis; biosynthesis of secondary metabolites
Phosphoserine aminotransferase (2D-DIGE) 360 Aminotransferase
serC (40 090.6) Microbial metabolism in diverse environments; methane
gil334147974 metabolism; amino acid metabolism (G, S and T); amino acid
biosynthesis (S)
Arginine-specific cysteine proteinase (RGP-1; RgpA; Gingipain A) 991 Virulence; acquisition of peptides; metabolism; protein
(2D-DIGE) processing
rgpA; prtT (108 713.3)
p28784
Arginine-specific cysteine proteinase (RGP-2; RgpB; Gingipain B) 736 Virulence; acquisition of peptides; metabolism; protein
(2D-DIGE & WB) processing
rgpB (80952.1)
gil 1814394
Pg-II fimbriae (2D-DIGE) 370 Virulence; adhesion
fimA (39307.8)
gil 22255316
Lysine-specific cysteine protease (Kgp; Lys-gingipain) (2D-DIGE & 1732 Degradation of polypeptides
WB)
kgp (40 135.6)
Q51817.1
Hemagglutinin-like protein (2D-DIGE) 348 Adhesion
gil 34540264 (39313.4)
Kgp/hemagglutinin (WB) 1358 Degradation of polypeptides; adhesion
kep
AAB49691; AAS68176
Glycerate dehydrogenase (WB) 317 Microbial metabolism in diverse environments; biosynthesis of

hprA
YP-004509887; G1:333804114

secondary metabolites; Amino acids metabolism (G, S, T)

2D-DIGE, two-dimensional difference in-gel electrophoresis; WB, Western blot.

DISCUSSION

In this study we report for the first time, to our knowledge, that lipids
endogenous to the saliva and oral mucosa are antimicrobial for P.
gingivalis and induce novel ultrastructural damage. Sphingoid bases
are more active against P. gingivalis than either chlorhexidine or
SMAP28 in our studies as well as in other studies.*** We have
reported that lipid activity is not only concentration-specific but is also
specific for each bacteria-lipid combination. MICs and kill kinetics of
these lipids for P. gingivalis and other bacteria previously tested in our
laboratory, including other oral bacteria such as Streptococcus mitis, S.
sanguinis and Fusobacterium nucleatum,** show differential activity for
these lipids across different bacteria. Our results are in agreement with
growing evidence that fatty acids and sphingoid bases differentially kill
bacteria in a dose-dependent manner and induce cellular damage.
For example, Escherichia coli and Staphylococcus aureus treated with

sphingosine, phytosphingosine or dihydrosphingosine exhibit extens-
ive and differential intracellular and extracellular damage.** Bibel and
colleagues'® also showed that sphinganine (i.e., dihydrosphingosine)
treatment of S. aureus results in ultrastructural damage similar to
antibiotic treatment, including lesions of the cell wall, membrane eva-
ginations and leakage. In addition, treatment of Helicobacter pylori with
oleic or linoleic acid exhibits altered morphology with disruption of
cellular membranes and cell lysis.*®

The dose-dependent and specific antimicrobial activity exhibited by
each of these oral lipids against P. gingivalis lends credence to the
proposal that sphingoid bases and fatty acids serve an innate immune
function in the oral cavity. An extensive number of host innate
immune factors, including anionic peptides,”’” cathelicidins,” and
defensins,*®*° induce extensive damage to Gram-positive and Gram-
negative bacteria similar to what we have described here. Activity of
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these previously described innate immune factors depends upon the
size of the molecule, specific amino acid sequences, charge, structural
conformation, hydrophobicity, and amphipathicity® and mechan-
isms of action include flocculation of intracellular contents, alteration
of the bacterial cytoplasmic membrane (e.g. pore formation) or
inhibition of various cellular process (e.g., enzymatic activity and cell
wall, nucleic acid or protein syn’[hesis).50

Our work indicates that there may be different mechanisms
involved for the activity of different lipids. Antimicrobial activity,
the percentage of lipid retained by P. gingivalis, and ultrastructural
damage are all dependent upon the specific lipid treatment. These
data, combined with our observation that fatty acids and sphingoid
bases, exhibit differential activity across bacterial species,44 lead us to
believe that the antimicrobial activity of fatty acids and sphingoid
bases is a specific interaction that depends upon characteristics of both
the bacterium and a particular lipid. We propose that mechanisms for
the antimicrobial activity of fatty acids and sphingoid bases against
bacteria fit within four broad pathways: (i) membrane disruption by
detergent activity; (ii) incorporation of lipids into the bacterial plasma
membrane; (iii) transport of lipids across the bacterial membrane into
the cytosol; and (iv) specific interactions between lipids and protein
components of the bacterial membrane. Potential end results of fatty
acid treatment have been reviewed>' and include creation of pores in
the bacterial cell, alteration of the cellular membrane, lysis of the cell
and disruption of various cellular processes either by interference of
spatial arrangement or by direct binding to proteins.

The main site of lipid activity against P. gingivalis is likely the bac-
terial plasma membrane, possibly by incorporation of lipids into the
membrane. Our results show that both fatty acids and sphingoid bases
are retained by P. gingivalis after treatment. In addition, destruction of
the membrane is evident in TEM images. This is similar to activity seen
in other organisms following fatty acid and sphingoid base treatment.
S. aureus treated with capric acid exhibits damage to the membrane
but not the cell wall.?’ Furthermore, L-forms of S. aureus (lacking cell
walls) are relatively resistant to the lethal effects of dihydrosphingo-
sine, suggesting that the plasma membrane is necessary for activity.'’
Helicobacter pylori treated by two fatty acids, linoleic acid and oleic
acid, also exhibits membrane destruction and both fatty acids incorp-
orate into the plasma membrane, altering the phospholipid composi-
tion of H. pylori.*®

Activity of fatty acids and sphingoid bases are likely dependent
upon the specific phospholipid composition of the bacterial
plasma membrane. In this study, we show that sphingoid bases
are more active against P. gingivalis than a variety of other Gram-
positive and Gram-negative bacteria previously examined.** P.
gingivalis contains several classes of novel phospholipids and
branched lipids®>™° including phosphorylated dihydroceramides
(a source of dihydrosphingosine). Because the P. gingivalis bac-
terial membrane contains sphingolipids, sphingoid bases may be
more likely to either incorporate into the bacterial membrane or
pass through the membrane. It is also possible that P. gingivalis
could attempt to either utilize sphingoid bases for building its
unique phospholipids or as an energy source. In our 2D-DIGE
analysis of sapienic acid-treated P. gingivalis, we found upregula-
tion of two key regulators of lipid metabolism, involved in
catalyzing the condensation reaction of fatty acid biosynthesis:
3-oxoacyl-synthase-2 and 2-oxoacyl-synthase-3. Increasing produc-
tion of fatty acids could serve several purposes: (i) increasing phos-
pholipid production to repair damaged bacterial membranes; (ii)
utilization of introduced fatty acids or sphingoid bases for phospholipid
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production (which may or may not be harmful); (iii) competition
with harmful sphingoid bases that could insert into the plasma
membrane.

Activity at the bacterial membrane may also depend upon the struc-
ture and shape of the treatment lipids. Several lipid characteristics
important for activity include: hydrophobicity; number, placement,
and orientation of double bonds,”*™ and in fatty acids, the length of
the carbon chain®®~° and the —OH group.> Studies indicate that fatty
acids with cis-double bonds are more active than fatty acids with
transdouble bonds.”>*® A cis-bonded lipid would likely cause a flu-
idizing effect upon insertion into a bacterial plasma membrane.

Finally, we show that sapienic acid induces upregulation of a unique
set of proteins that may provide clues to specific mechanisms of action.
In our Western blot and 2D-DIGE analysis of sapienic acid-treated P.
gingivalis, we found upregulated proteins important in various cellular
processes including glycolysis, amino acid metabolic processes, micro-
bial metabolism in diverse environments, acquisition and degradation
of polypeptides, adhesion and other virulence factors. P. gingivalis
exhibits several unique stress responses, dependent upon the type of
stressor. Heat stress,” ** O, oxidative stress,”””>*° H,0, oxidative
stress,””%5 7% pH stress,”® " heme limitation,®”” EtOH stress® and res-
ponse to contact with epithelial cells®® all induce extensive and unique
responses in P. gingivalis with very little overlap (Supplementary Table
5). These well-documented stress responses have very little in common
with the response induced by sapienic acid treatment.

All these data combined suggest that with sapienic acid, there may be
a quick two-step process leading to antimicrobial activity that appears to
be time and sapienic acid concentration dependent. As P. gingivalis cells
are exposed to sapienic acid they begin taking up large amounts of the
lipid, become stressed and quickly mount a response by adjusting
protein activity, as evidenced by the differential protein profiles and
the upregulation of several components important in microbial
metabolism in diverse environments (e.g., glycerate dehydrogenase,
nicotinamide adenine dinucleotide (NAD)-dependent glutamate dehy-
drogenase, glyceraldehydes 3-phosphate dehydrogenase and phospho-
serine amino transferase). It is possible, however, that as a critical point
(time and/or lipid concentration) is reached, rescue attempts fail and
these cells succumb to lysis. Further analysis of the metabolic conse-
quences of sapienic acid treatment on P. gingivalis will be necessary to
confirm this and will possibly be the subject of future studies.

The ‘self-disinfecting’ properties of the skin have been recognized
since 1942 when Burtenshaw described skin lipids that were active
against a number of bacteria.”' Recent studies indicate that fatty acids
and sphingoid bases function as innate immune molecules on the
skin,""®® oral mucosa’® and in other body fluids such as breast
milk”*7? and sebum.” In addition, lipid deficiencies or imbalances in
lipid ratios are associated with several diseases. For example, both defi-
cient hexadecanoic acid production’* and decreased levels of sphingo-
sine”” are associated with atopic dermatitis and subsequent increase in S.
aureus skin colonization within otherwise healthy individuals. In addi-
tion, cystic fibrosis is linked with abnormal fatty acid metabolism.””” In
another study, failure to clear skin infections of Staphylococus aureus or
Streptococcus pyogenes within innate immunodeficient mice was linked
to mutation of an enzyme necessary for palmitoleic and oleic acid pro-
duction.”® Based on this information, it is possible that imbalances in
lipid ratios or defective production of certain lipids could be responsible
for other skin and oral diseases but this has yet to be determined. It
becomes reasonable then to speculate that topical application of endo-
genous lipid formulations could potentially supplement the natural
immune function of lipids on skin and other mucosal surfaces.”®
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