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Purpose: Periodontitis is an inflammatory disease of the oral cavity with an alarmingly high 
prevalence within the adult population. The signaling lipid sphingosine-1-phosphate (S1P) 
plays a crucial role in inflammatory and immunomodulatory responses. In addition to 
cardiovascular disease, sepsis and tumor entities, S1P has been recently identified as both 
mediator and biomarker in osteoporosis. We hypothesized that S1P may play a role in 
periodontitis as an inflammation-prone bone destructive disorder. The goal of our study 
was to evaluate associations between periodontitis and S1P serum concentrations in the 
Study of Health in Pomerania (SHIP)-Trend cohort. In addition, we investigated the expres-
sion of S1P metabolizing enzymes in inflamed gingival tissue.
Patients and Methods: We analyzed data from 3371 participants (51.6% women) of the 
SHIP-Trend cohort. Periodontal parameters and baseline characteristics were assessed. 
Serum S1P was measured by liquid chromatography tandem mass spectrometry. The expres-
sion of S1P metabolizing enzymes was determined by immunofluorescence staining of 
human gingival tissue.
Results: S1P serum concentrations were significantly increased in subjects with both 
moderate and severe periodontitis, assessed as probing depth and clinical attachment loss. 
In contrast, no significant association of S1P was seen with caries variables (number and 
percentage of decayed or filled surfaces). S1P concentrations significantly increased with 
increasing high-sensitivity C-reactive protein (hs-CRP) levels. Interestingly, inflamed com-
pared to normal human gingival tissue exhibited elevated expression levels of the S1P- 
generating enzyme sphingosine kinase 1 (SphK1).
Conclusion: We report an intriguingly significant association of various periodontal para-
meters with serum levels of the inflammatory lipid mediator S1P. Our data point towards 
a key role of S1P during periodontitis pathology. Modulation of local S1P levels or its 
signaling properties may represent a potential future therapeutic strategy to prevent or to 
retard periodontitis progression and possibly reduce periodontitis-related tooth loss.
Keywords: sphingosine-1-phosphate, lipid mediator, periodontitis, inflammation

Introduction
Periodontitis is an inflammatory disease characterized by destruction of the sup-
porting structures of the teeth, ie, the periodontium which consists of the gingiva, 
periodontal ligament, cementum and alveolar bone. Gingival bleeding and reces-
sion, periodontal pocket formation as well as loosening and eventual loss of teeth 
represent typical symptoms of periodontitis.1 The worldwide prevalence of severe 
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periodontitis over the last 20 years is estimated at consis-
tently 11%.2 Although in Germany the prevalence of mod-
erate or severe periodontitis has generally declined over 
the past 20 years, it is still alarmingly high within the adult 
population.3–6 Periodontitis also triggers low-grade sys-
temic inflammation,7,8 thereby contributing to ischemic 
pathologies such as atherosclerosis9 manifesting in coron-
ary heart, cerebrovascular and peripheral artery 
disease.10–12 Mainly discussed pathways include a direct 
one via spillover of periopathogenic bacteria into the 
bloodstream,13 which in turn provoke an immune 
response, and an indirect one via induction of increased 
levels of locally produced pro-inflammatory cytokines.7

Sphingosine-1-phosphate (S1P) is a signaling lipid 
involved in numerous biological processes such as inflam-
matory and immunomodulatory responses.14,15 S1P is gen-
erated intracellularly by the sphingosine kinases SphK1 
and SphK2 from sphingosine. Reversely, the S1P phos-
phatases SPP1 and SPP2 dephosphorylate it to sphingo-
sine, whereas the S1P lyase (SPL) irreversibly degrades 
S1P into hexadecenal and phosphoethanolamine.16 After 
secretion from S1P-generating cells, S1P regulates various 
cell functions via a family of 5 G-protein-coupled recep-
tors S1PR1-5.16–18 Circulating S1P in blood is derived 
mostly from platelets, erythrocytes, and endothelial cells 
and is mainly bound to the high-density lipoprotein-asso-
ciated apolipoprotein M (70%) and to albumin 
(30%).17,19–21 Recently, S1P has emerged as prognostic 
biomarker, eg, for cardiovascular disease22 and sepsis.23 

Consequently, reference values for S1P in serum have 
been defined based on a sample of 1339 healthy partici-
pants of the Study of Health in Pomerania (SHIP-Trend) 
cohort. The overall serum reference interval ranges from 
0.534 to 1.242 μmol/L (2.5th; 97.5th percentile) with 
a median S1P concentration of 0.804 µmol/L, which was 
irrespective of age, gender, body mass index (BMI) or 
smoking status.24,25

In the context of bone destructive disorders, S1P mobi-
lizes osteoclast precursor cells and regulates bone mineral 
homeostasis via S1PRs during osteoporosis.26 In particu-
lar, S1P has been recently identified as both mediator and 
biomarker in osteoporosis.27 Experimental inhibition of 
the S1P-degrading SPL led to increased bone formation, 
mass and strength in different mice models of 
osteoporosis.27 Furthermore, S1P serum concentrations 
were positively associated with bone formation markers, 
but not with resorption markers in the SHIP-Trend 
cohort.27 Given this recently revealed function in 

modulating bone formation and since S1P is a key med-
iator of inflammatory responses, we hypothesized that it 
may also play a role in inflammation-prone bone destruc-
tive disorders such as periodontitis. However, no epide-
miological data addressing the impact of S1P on 
periodontitis severity have been reported to date.

Therefore, the aim of the present study was to evaluate 
associations between periodontitis severity as well as 
extent and S1P serum concentrations in 3371 participants 
of the SHIP-Trend cohort. In addition, we investigated the 
expression of S1P metabolizing enzymes in inflamed 
human gingival tissue.

Materials and Methods
Study Population and Derivation of 
Samples
SHIP-Trend is the second independent population-based 
cohort of the Studies of Health in Pomerania (SHIP) with 
the study region of West Pomerania, a rural region in the 
northeast of Germany.28 Sample selection was performed 
using local population registries in the Federal State of 
Mecklenburg-West Pomerania. A random sample of 8826 
adults aged 20–82 years was drawn, stratified by gender, 
age and city/county of residence. Of all subjects invited, 
4420 individuals (50.1%), 2145 men and 2275 women, 
participated in the examinations between 2008 and 
2012.29 All participants provided informed written con-
sent. The study conformed to the principles of the 
Declaration of Helsinki and was approved by the Ethics 
Committee of the University of Greifswald (BB 39/08).

Of the 4420 participants, 4052 subjects (91.7%) parti-
cipated in the dental examinations. Of these, 681 with 
missing data for S1P (215) and/or probing depth (PD; 
410) and/or the confounders (smoking, diabetes mellitus, 
hemoglobin, waist-to-hip-ratio, obesity; 56) were excluded 
from the analyses resulting in a final study population of 
3371 (1739 female and 1632 male) individuals (see flow-
chart in Supplemental Figure 1).

Assessment of Covariates
Information on gender, age, socio-demographic character-
istics (school education; <10/10/>10 years), smoking 
habits (never smoker, former smoker with <20 pack 
years, former smoker with ≥20 pack years, current smoker 
with <20 pack years, current smoker with ≥20 pack years) 
and medical histories were collected by computer-assisted 
personal interviews. Body height was measured to the 
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nearest 0.1 cm and weight to the nearest 0.1 kg. BMI was 
calculated as weight [kg] divided by height2 [m2]. Waist 
circumference and hip circumference were measured using 
an inelastic tape with the subject standing comfortably 
with weight distributed evenly on both feet. Waist circum-
ference was measured midway between the lower rib 
margin and the iliac crest in the horizontal plane. Hip 
circumference was determined as the greatest circumfer-
ence between the highest point of the iliac crest and the 
crotch. Waist-to-hip ratio was calculated from the respec-
tive measures. Diabetes mellitus was defined based on 
a physician’s diagnosis or intake of anti-diabetic medica-
tion (Anatomical Therapeutic Chemical Classification 
System [ATC] code A10). Medication with statins (ATC 
code C10AA), acetylsalicylic acid as platelet aggregation 
inhibitor (ATC code B01AC06), cortisone (ATC codes 
H02A and H02B), or systemic antibiotics (ATC code 
J01) was assessed.

Blood samples were taken from the cubital vein of 
participants in the supine position. HbA1c was measured 
by high-performance liquid chromatography with spectro-
photometric detection (Diamat Analyzer; Bio-Rad, 
Munich, Germany) and a coefficient of variation of 
1.5%. High-sensitivity C-reactive protein (hs-CRP) con-
centrations were determined in serum by nephelometry on 
the Dimension VISTA (Siemens Healthcare Diagnostics, 
Eschborn, Germany).

Periodontal Examination
Clinical attachment loss (CAL) and PD were determined 
with a periodontal probe (SHIP-Trend: PCPUNC 15, Hu- 
Friedy, Chicago, IL, USA) at distobuccal, midbuccal, 
mesiobuccal, and midlingual/midpalatal sites according 
to the half-mouth method excluding third molars (left or 
right side randomly selected). Measurements were mathe-
matically rounded to the next whole millimeter. PD was 
measured as the distance between free gingival margin 
(FGM) and pocket base. If the cemento-enamel junction 
(CEJ) was located sub-gingivally, CAL was determined as 
PD minus the distance between FGM and CEJ. If reces-
sion was present at the examined site, CAL was directly 
assessed as the distance between CEJ and pocket base. 
Where the determination of the CEJ was indistinct 
(wedge-shaped defects, fillings and crown margins), the 
attachment level was not recorded.

Dental examinations were conducted by five trained 
and calibrated dentists. For CAL measurements, inter- 
rater correlation was 0.70 and intra-rater correlations 

ranged between 0.67 and 0.89. For PD measurements, 
examiners yielded intra-rater correlations between 0.68 
and 0.88 and an inter-rater correlation of 0.72.

Caries Examination
All examinations were conducted in an illuminated dental 
chair and without the use of aspiration or an air jet. 
Coronal caries was diagnosed visually using 
a periodontal probe (PCPUNC 15; Hu-Friedy, Chicago, 
IL, USA) to touch the tooth surface softly. Coronal caries 
was examined excluding third molars on a surface level 
according to a half-mouth design (randomly chosen left 
or right side). The number (DFS) and percentage (%DFS) 
of decayed or filled surfaces were determined based on 
a maximum of 14 permanent teeth (excluding third 
molars) with (depending on the tooth type) 4 to 5 sur-
faces each, resulting in 64 surfaces being assessed in 
total.30

Determination of S1P Serum 
Concentrations
S1P serum concentrations of the SHIP-Trend partici-
pants were measured by liquid chromatographytandem 
mass spectrometry (LC-MS/MS) as previously 
described.24 In brief, 20 μL of serum were incubated 
with 20 μL of the internal standard (1 μmol/L 
[16,17,18–2H7]-S1P (S1P-d7), Avanti Polar Lipids). 
After protein precipitation with 350 µL acetonitrile/ 
water, 80/20 (vol/vol), the extracts were subjected to 
reverse-phase chromatography on a C8 column (2.1 × 
50 mm; Zorbax SB-C8, Agilent Technologies). S1P was 
eluted with a binary gradient for 6 minutes (methanol/ 
acetonitrile/0.1% formic acid: 2.5/2.5/95 to 30/30/40, 
vol/vol/vol) and measured by tandem mass spectrometry 
(Varian L1200 MS/MS, Agilent Technologies), monitor-
ing the m/z 380 to 264 transition of S1P and the m/z 
387 to 271 transition of S1P-d7. Based on the area under 
the curve ratio of the S1P and S1P-d7 peaks, calibration 
curves (four levels of S1P: 0, 0.1, 0.3, 1, 3 μmol/L) 
were generated to calculate absolute S1P serum concen-
trations. Two levels of quality controls (QCs) were 
included on each microtiter plate: For QC-low fetal 
calf serum was spiked with 0.3 μmol/L S1P and for 
QC-high with 1.0 μmol/L S1P, respectively. For both 
QC levels, coefficients of variation were below 10%, 
which was within the acceptable FDA limits for 
precision.
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Statistical Analyses
PD was fixed as the primary exposure and CAL was 
chosen as the second exposure. We pre-specified mean 
PD as the first and the percentage of sites with PD ≥3 or 
4 mm (quantifying disease extent) as the second measure 
of the primary exposure.31,32 Accordingly, we pre-speci-
fied mean CAL and the percentage of sites with CAL ≥3 
or 4 mm as measures of the second exposure.32 To avoid 
selection bias due to increased tooth loss and edentulism 
in elderly, we additionally performed sensitivity analyses 
restricting subjects to those i) with at least 12 measure-
ment sites for according periodontal measures and ii) 
aged 20–59 years. As a third exposure, we defined the 
number of teeth, which can be seen as a proxy for 
periodontitis experience. The number of teeth (categor-
ized as 0, 1–9, 10–19, 20–27 and 28 teeth) was only 
analyzed in the complete sample with full age range 
(20–83 years). Moreover, we evaluated the Centers for 
Disease Control and Prevention/American Academy of 
Periodontology (CDC/AAP) case definition.33

To evaluate the specificity of the association between 
periodontitis and S1P, two caries measures were addition-
ally analyzed: the DFS and %DFS indices. Both measures 
were only defined for dentate subjects with at least one 
surface being examined for caries status.

As S1P plays a crucial role in pro-inflammatory pro-
cesses and periodontitis represents an inflammatory dis-
ease, we also analyzed concentrations of hs-CRP as a non- 
specific marker of inflammation. Logarithmised hs-CRP 
levels were modelled as a restricted cubic spline with 
three knots.

Data were presented as mean with standard deviation 
(SD), median with 25% and 75% quantile or absolute 
frequencies (percentages). Linear regression models were 
fit to estimate the association between periodontitis defini-
tions (exposure) and S1P (outcome). Linear and non-linear 
parameterizations of the exposure measures were tested, 
favoring linear forms. The adjustment set included age (as 
restricted cubic splines with 3 knots), gender, school edu-
cation, smoking status combined with pack-years, waist- 
to-hip-ratio, known diabetes mellitus and HbA1c (to assess 
metabolic homeostasis). Linear regression coefficients (B) 
with their 95% confidence intervals were presented. If the 
CDC/AAP case definition and the number of teeth were 
evaluated as the exposure, P values for linear trends across 
exposure categories were calculated. Interactions of the 
exposure variables with gender were non-significant 

(p>0.10). Kruskal–Wallis-tests were used to assess differ-
ences of unadjusted S1P and hs-CRP between the sub-
groups of CDC/AAP case definition and number of teeth. 
For pairwise comparisons with the respective reference 
group, Mann–Whitney U-tests were applied and P values 
were corrected for multiple testing using the Bonferroni 
method.

Graphics and statistical analyses were performed using 
R (R Development Core Team, 2008) and Stata/SE 14.2 
(StataCorp, 2015).

Immunofluorescence Staining of Human 
Gingival Tissue
Formalin-fixed, paraffin-embedded (FFPE) tissue from 
a previous study was used for immunofluorescence detec-
tion of proteins involved in the S1P pathway. In this 
previous study, periodontal granulation tissue from period-
ontitis patients (PD ≥6 mm) and control specimens from 
subjects undergoing tooth extraction because of caries (PD 
≤3 mm) were obtained with informed consent of the parti-
cipants and ethical approval as described.34 The use of the 
residual FFPE tissue for the staining was additionally 
approved by the Ethics Committee of the University of 
Greifswald (BB092/13). Tissue sections (2-µm-thick) were 
de-paraffinized in xylene, rehydrated in a graded series of 
ethanol and water, and then treated with 10-mmol/L citrate 
buffer at pH 6.0. After blocking with 20% fetal calf serum, 
1% saponin in phosphate-buffered saline (PBS), incuba-
tion was performed with the following primary antibodies 
(at 4°C overnight): rabbit anti-SphK1 (Abcam, Cambridge, 
UK; dilution 1:100) or mouse anti-SphK1 (Abgent, San 
Diego, CA, USA; 1:50), when co-staining was performed 
with rabbit anti-SPL (Abcam, Cambridge, UK; dilution 
1:100), rabbit anti-SphK2 (Abcam, Cambridge, UK; dilu-
tion 1:50) and mouse anti-CD68 (Biorbyt Ltd, Cambridge, 
UK; dilution 1:100). After being washed with PBS, the 
sections were incubated for 2 hours with the respective 
Alexa Fluor 488 (green fluorescence)- or Alexa Fluor 568 
(red fluorescence)-labelled secondary antibodies (Thermo 
Fisher Scientific, Waltham, MA, USA). The slides were 
washed and embedded using a mounting medium with 
4′,6-diamidino-2-phenylindole (DAPI) as a counter-stain 
for nuclei (Roti®-Mount FluorCare DAPI, Carl Roth 
GmbH, Karlsruhe, Germany). Fluorescence micrographs 
were taken using the confocal laser scanning microscope 
LSM780 (Zeiss, Jena, Germany) and a 63x/1.4 objective.
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Results
Baseline Characteristics
The study sample comprised 3371 individuals, 1739 
women and 1632 men (Table 1, left part). Mean age was 
50.1±14.8 years and mean BMI was 27.9±5.1 kg/m2. 
27.5% reported >10 years of school education, while 
26.8% were current smokers. Concerning cardiometabolic 
risks, 8.6% reported known diabetes mellitus, 10.8% the 
intake of statins and 8.4% of acetylsalicylic acid as platelet 
aggregation inhibitor. Mean S1P serum concentration was 
811.7±177.1 nmol/L. Unadjusted S1P did not significantly 
differ across categories of the CDC/AAP case definition, 
but was decreased in subjects with 1–9 and without teeth 
compared to 28 teeth (P<0.001; Supplemental Table 1).

Restricted to subjects with at least 12 measurement 
sites (Table 1, right part), 1669 women and 1562 men 
were included. Mean age was 49.4±14.6 years. 
Remaining variables were similarly distributed compared 
to the total sample.

Associations Between Periodontitis 
Parameters and S1P
Periodontitis variables were consistently associated with 
S1P serum levels in fully adjusted models (Table 2, 
Model 2). For example, for a 1 mm increase in mean 
PD, mean S1P increased significantly by 10.1 nmol/L 
(95% CI: 0.73–19.51). For a 1 mm increase in mean 
CAL, mean S1P increased significantly by 5.14 nmol/L 
(95% CI: 0.44–9.83). Results were consistent for disease 
extent measures. Model predicted mean S1P serum con-
centrations with 95% confidence bands for varying levels 
of mean PD and mean CAL are depicted in Figure 1.

According to the CDC/AAP classification, 48.4% had 
no or mild, 34.9% had moderate and 16.7% had severe 
periodontitis (Table 1). Fully adjusted linear regression 
models revealed significantly increasing S1P serum levels 
across different levels of the case definition (ptrend=0.03; 
Table 2, Model 2). In severely diseased subjects, S1P 
serum levels were 20.02 nmol/L higher compared to sub-
jects with no or mild periodontitis.

With respect to the number of teeth, 16.7% had all 28 
teeth (without third molars), while with 50.3% most of the 
subjects had 20–27 teeth.16.4% had 10–19 and 10.0% had 
1–9 teeth, respectively. 6.5% of the study participants were 
edentulous (Table 1, left part). In both models, subjects 
with 20–27 and 10–19 teeth showed significantly higher 
S1P levels compared to subjects with 28 teeth (Table 2). 

For subjects with 1–9 teeth as well as edentulous subjects 
we did not find a consistent trend in S1P concentrations.

Sensitivity Analyses of Associations 
Between Periodontitis Variables and S1P
Restricting subjects to those with at least 12 measurement 
sites for periodontal measurements confirmed previous 
results (Table 3). In fully adjusted models, periodontitis 
variables, except mean PD, were consistently associated 
with S1P (Table 3, Model 2). For the CDC/AAP case defini-
tion, S1P concentrations were on average 22.79 nmol/L 
higher in subjects with severe periodontitis compared to 
subjects with no or mild periodontitis (Table 3, Model 2).

Furthermore, to avoid selection bias due to increased 
tooth loss in elderly, we performed additional sensitivity 
analyses for linear regression models restricting subjects to 
those aged 20–59 years (Supplemental Table 2). In accor-
dance with previous results, periodontitis variables were 
consistently associated with S1P concentrations with regard 
to the direction of effect estimates, albeit some associations 
were no longer significant after full adjustment.

Associations Between Caries Variables 
and S1P
In order to verify the specificity of the associations 
between periodontitis variables and S1P serum concentra-
tions, we assessed associations with two caries variables. 
Mean DFS was 16.6±10.3; mean %DFS was 38.1±25.3% 
(Table 1). Fully adjusted linear regression models showed 
no significant associations with S1P serum concentrations 
(Supplemental Table 3, Model 2).

Associations Between C-Reactive Protein 
and S1P
Mean hs-CRP concentration was 2.5±5.0 mg/L (Table 1). 
Subjects with moderate and severe periodontitis showed 
elevated hs-CRP levels compared to no or mild periodontitis 
(P<0.001; Supplemental Table 1). Moreover, hs-CRP con-
centrations increased with a decreasing number of teeth 
(p<0.001; Supplemental Table 1). In a fully adjusted linear 
regression model, S1P serum concentrations significantly 
increased with increasing hs-CRP levels (Figure 2).

Expression of S1P-Metabolizing Enzymes 
in Inflamed Human Gingival Tissue
We investigated the expression of SphK1 and SphK2 as 
well as of SPL by immunofluorescence staining in FFPE 
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Table 1 Baseline Characteristics of Study Subjects; Study of Health in Pomerania (SHIP-Trend-0; 2008–2012)

N Participants 
Aged 20–83 

Years

N Participants Aged 20–83 Years with ≥12 
Periodontal Measurement Sites

Age, years 3371 50.1 ± 14.8 3231 49.4 ± 14.6

Male gender 3371 1632 (48.4%) 3231 1562 (48.3%)

School education 3371 3231
<10 years 620 (18.4%) 555 (17.2%)

10 years 1823 (54.1%) 1767 (54.7%)
>10 years 928 (27.5%) 909 (28.1%)

Smoking status 3371 3231
Never 1243 (36.9%) 1196 (37.0%)

Former with <20 pack years 990 (29.4%) 949 (29.4%)

Former with ≥20 pack years 235 (7.0%) 216 (6.7%)
Current with <20 pack years 617 (18.3%) 613 (19.0%)

Current with ≥20 pack years 286 (8.5%) 257 (7.9%)

Known diabetes mellitus, yes 3371 290 (8.6%) 3231 250 (7.7%)

HbA1c, % 3371 5.3 ± 0.8 3231 5.3 ± 0.8

Body mass index, kg/m2 3371 27.9 ± 5.1 3231 27.7 ± 5.0

Waist-to-hip-ratio 3371 0.88 ± 0.09 3231 0.88 ± 0.09

Medication, yes 3371 3231
Statins 364 (10.8%) 314 (9.7%)

Acetylsalicylic acid as platelet   

aggregation inhibitor

283 (8.4%) 242 (7.5%)

Cortisone 25 (0.7%) 20 (0.6%)

Systemic antibiotics 36 (1.1%) 34 (1.1%)

Mean PD, mm 3371 2.6 ± 0.7 

2.4 (2.1; 2.8)

3231 2.6 ± 0.7 

2.4 (2.1; 2.8)

Percentage of sites with PD 3+mm, % 3371 43.0 ± 23.4 

40.0 (25.0; 58.3)

3231 42.2 ± 22.7 

39.6 (25.0; 57.1)

Percentage of sites with PD 4+mm, % 3371 14.4 ± 19.3 

6.3 (0; 20.0)

3231 13.8 ± 18.6 

6.3 (0; 19.2)

Mean CAL, mm 3198 2.5 ± 1.7 

2.1 (1.6; 3.3)

2983 2.3 ± 1.5 

1.9 (1.2; 3.1)

Percentage of sites with CAL 3+mm, 

%

3198 39.8 ± 34.7 

31.3 (7.1; 70.0)

2983 36.7 ± 33.1 

27.5 (5.8; 64.3)

Percentage of sites with CAL 4+mm, 

%

3198 24.7 ± 30.9 

9.4 (0; 40.4)

2983 21.6 ± 27.9 

8.1 (0; 33.3)

CDC/AAP case definition 3120 2983

No or mild 1511 (48.4%) 1476 (49.5%)
Moderate 1088 (34.9%) 1027 (34.4%)

Severe 521 (16.7%) 480 (16.1%)

(Continued)
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tissue from periodontitis patients and control specimens 
(Figure 3 and Supplemental Figure 2). Staining of SphK1 
indicated higher expression levels of this S1P-generating 
enzyme in the inflamed gingival tissue (inflamed gingival 
tissue: Figure 3D–F vs normal gingival tissue: Figure 3A– 
C). Intensive staining of SphK1 was especially observed in 
the gingival epithelium of periodontitis samples and in 
CD68-positive immune cells (Supplemental Figure 2A 
and B, left panels). SphK2 was also detected in the epithe-
lium. However, no significant difference was observed 
between normal and inflamed tissue for this isoform 
(Supplemental Figure 2A, right panels). Staining of the 
S1P-degrading enzyme SPL revealed a diffuse expression 
in the sections of inflamed gingival tissue (Figure 3F), 
whereas in sections of normal gingival tissue we observed 
mainly a blood vessel-associated expression pattern 
(Figure 3C).

Discussion
We identified a potential link between periodontitis and 
S1P serum concentrations using data from the population- 

based SHIP-Trend cohort. Specifically, S1P serum concen-
trations were significantly increased in subjects with both 
moderate and severe periodontitis. Moreover, S1P serum 
concentrations were significantly associated with different 
periodontitis variables quantifying either severity (mean) 
or extent (percentage of affected sites) of current (PD) or 
lifetime-accumulated periodontal disease (CAL). In con-
trast, no significant association of the inflammatory med-
iator S1P was seen with the DFS or the %DFS, pointing 
towards a specific role of S1P primarily in inflammatory 
disease conditions such as periodontitis rather than caries, 
which is primarily driven by demineralization of enamel 
and dentin by acids, produced by oral bacteria.

Furthermore, in inflamed compared to normal human 
gingival tissue, we detected higher expression levels of the 
S1P-generating enzyme SphK1 in CD68-positive macro-
phages and related immune cells (Figure 3 and 
Supplemental Figure 2), which may cause locally elevated 
S1P concentrations. Intriguingly, the SHIP-Trend data 
indicated that periodontitis was also associated with 
increased circulating S1P levels. Whether S1P that is 

Table 1 (Continued). 

N Participants 
Aged 20–83 

Years

N Participants Aged 20–83 Years with ≥12 
Periodontal Measurement Sites

Number of teeth 4042 –
28 677 (16.8%) –

20–27 2032 (50.3%) –

10–19 664 (16.4%) –
1–9 405 (10.0%) –

0 264 (6.5%) –

Number of decayed or filled surfaces 3421 16.6 ± 10.3 

16.0 (9.0; 24.0)

– –

Percentage of decayed or filled 

surfaces, %

3421 38.1 ± 25.3 

34.4 (18.6; 53.1)

– –

Sphingosine-1-phosphate, nmol/L 3371 811.7 ± 177.1 

800.1 (684.3; 919.8)

3231 813.6 ± 175.8 

801.7 (686.7; 920.3)

High-sensitivity C-reactive 

protein, mg/L

3198 2.5 ± 5.0 

1.3 (0.7; 2.8)

3066 2.5 ± 5.0 

1.2 (0.7; 2.7)

High-sensitivity C-reactive protein 3283 3150

≤2 mg/L 2180 (66.4%) 2124 (67.4%)

>2 mg/L and ≤3 mg/L 355 (10.8%) 339 (10.8%)
>3 mg/L 748 (22.8%) 687 (21.8%)

Notes: Data are presented as mean ± standard deviation (SD), median (25%; 75% quantile) or absolute frequencies (percentages). Medication intake was defined for 
regularly taken statins (ATC code C10AA), corticosteroids (ATC codes H02A and H02B), acetylsalicylic acid as platelet aggregation inhibitor (B01AC06) or systemic 
antibiotics (ATC code J01). 
Abbreviations: PD, probing depth; CAL, clinical attachment loss; CDC/AAP, Centers for Disease Control and Prevention/American Academy of Periodontology.
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locally generated by immune cells directly contributes to 
the elevated serum levels in subjects with periodontitis is 
uncertain. An alternative explanation of the observed asso-
ciation of serum S1P with periodontitis markers is that 
periodontitis is generally associated with low-grade sys-
temic inflammation, ie, increased levels of white blood 
cells, fibrinogen and CRP,7,8,35–37 which may in turn result 
in an elevated systemic S1P release by platelets, white 
blood cells, and endothelial cells as the main cellular 
sources.38,39 This interpretation of our data is in agreement 
with the known property of S1P as a major inflammatory 
mediator and immunomodulator40,41 and is supported by 
the observed significant association of serum S1P with hs- 

CRP levels (Figure 2). In addition, other authors have 
established a molecular link between S1P and CRP during 
the invasive process of breast epithelial cells.42 

Nevertheless, the intriguing positive association between 
S1P and CRP that we found in our analyses could not be 
observed in previous studies focusing on other chronic 
inflammatory diseases.43,44 During processes of severe 
inflammation such as sepsis, however, S1P was inversely 
correlated with parameters of disease severity including 
CRP,23 which may point towards a critical role of S1P in 
low-grade versus detrimental loss-of-function effects dur-
ing high-grade inflammation. Overall, the here observed 
increase of serum S1P in subjects with periodontitis could 

Table 2 Results from Linear Regression Models Analyzing the Association Between Periodontitis Variables and Sphingosine- 
1-Phosphate Serum Levels (Continuously Modelled) in All Subjects (Aged 20–83 Years)

Model 1, Adjusted for Age and Gender Model 2, Fully Adjusted

Periodontitis variables N B (95% CI) P value B (95% CI) P value

Mean PD, mm 3371 12.89 (3.83; 21.95) 0.005 10.12 (0.73; 19.51) 0.04

Percentage of sites with PD 3+mm, 10% 3371 4.52 (1.83; 7.23) 0.001 3.83 (1.02; 6.64) 0.008

Percentage of sites with PD 4+mm, 10% 3371 4.94 (1.72; 8.16) 0.003 3.83 (0.48; 7.19) 0.03

Mean CAL, mm 3198 6.72 (2.20; 11.24) 0.004 5.14 (0.44; 9.83) 0.03

Percentage of sites with CAL 3+mm, 10% 3198 4.13 (1.84; 6.42) <0.001 3.38 (1.00; 5.76) 0.005

Percentage of sites with CAL 4+mm, 10% 3198 3.27 (0.84; 5.71) 0.008 2.68 (0.15; 5.21) 0.04

CDC/AAP definition 3120

No or mild 1511 0.00 (Ref.) 0.00 (Ref.)

Moderate 1088 18.81 (3.74; 33.88) 0.01 14.75 (−0.42; 29.92) 0.06
Severe 521 25.50 (6.03; 44.97) 0.01 20.02 (0.10; 39.94) 0.049

Ptrend=0.006 Ptrend=0.03

Number of teeth 4042

28 677 0.00 (Ref.) 0.00 (Ref.)

20–27 2032 21.16 (3.91; 38.40) 0.02 20.56 (3.35; 37.78) 0.02
10–19 664 25.77 (3.16; 48.37) 0.03 22.51 (−0.31; 45.34) 0.05

1–9 405 13.64 (−12.11; 39.39) 0.30 12.36 (−13.92; 38.64) 0.40

0 264 24.56 (−4.42; 53.55) 0.10 20.10 (−9.88; 50.09) 0.20
Ptrend=0.32 Ptrend=0.51

Number of teeth 
(only subjects with PD assessments)

3370

28 630 0.00 (Ref.) 0.00 (Ref.)

20–27 1850 17.93 (−0.32; 36.17) 0.05 16.98 (−1.21; 35.17) 0.07
10–19 583 25.82 (1.74; 49.89) 0.04 21.34 (−2.96; 45.63) 0.09

1–9 307 12.44 (−16.09; 40.96) 0.40 12.02 (−17.04; 41.08) 0.40

Ptrend=0.29 Ptrend=0.38

Notes: Model 2 was adjusted for age (cubic splines with 3 knots), gender, school education, smoking status combined with pack-years, waist-to-hip-ratio, known diabetes 
mellitus and HbA1c. 
Abbreviations: PD, probing depth; CAL, clinical attachment loss; CDC/AAP, Centers for Disease Control and Prevention/American Academy of Periodontology; N, 
number; B, linear regression coefficient; CI, confidence interval.
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be most presumably attributed to both processes described 
above.

In addition to the obtained periodontitis parameters, the 
number of teeth evaluated in our study was also signifi-
cantly associated with circulating serum S1P levels (Table 
2). At least, this was the case for individuals with 

a number of 20–27 teeth in both models and for indivi-
duals with 10–19 teeth in Model 1 and borderline signifi-
cant (p=0.053) in Model 2 (Table 2). In comparison, both 
the group with less than 9 teeth and the edentulous study 
participants showed no significant association with S1P. 
This may in part be attributed to unknown confounding 

Figure 1 Model predicted mean (with 95% confidence bands) of sphingosine-1-phosphate serum concentrations for varying levels of (A) mean probing depth and (B) mean 
clinical attachment loss.

Table 3 Results from Linear Regression Models Analyzing the Association Between Periodontitis Variables and Sphingosine- 
1-Phosphate Serum Levels (Continuously Modelled) in Subjects Aged 20–83 Years with at Least 12 Measurement Sites for 
Assessments of Probing Depth or Clinical Attachment Loss

Model 1, Adjusted for Age and Gender Model 2, Fully Adjusted

Periodontitis variables N B (95% CI) P value B (95% CI) P value

Mean PD, mm 3231 12.61 (3.06; 22.17) 0.01 9.30 (−0.63; 19.23) 0.07

Percentage of sites with PD 3+mm, 10% 3231 4.43 (1.61; 7.24) 0.002 3.51 (0.57; 6.45) 0.02

Percentage of sites with PD 4+mm, 10% 3231 5.23 (1.82; 8.63) 0.003 3.96 (0.40; 7.51) 0.03

Mean CAL, mm 2983 8.13 (2.84; 13.42) 0.003 6.07 (0.59; 11.55) 0.03

Percentage of sites with CAL 3+mm, 10% 2983 4.75 (2.31; 7.20) <0.001 3.82 (1.28; 6.35) 0.003

Percentage of sites with CAL 4+mm, 10% 2983 4.02 (1.27; 6.77) 0.03 3.16 (0.31; 6.01) 0.004

CDC/AAP case definition 2983

No or mild 1476 0.00 (Ref.) 0.00 (Ref.)

Moderate 1027 20.02 (4.63; 35.40) 0.01 15.22 (−0.27; 30.71) 0.054
Severe 480 29.22 (9.16; 49.27) 0.004 22.79 (2.24; 43.35) 0.03

Ptrend=0.002 Ptrend=0.02

Notes: Model 2 was adjusted for age (cubic splines with 3 knots), gender, school education, smoking status combined with pack-years, waist-to-hip-ratio, known diabetes 
mellitus and HbA1c. PD, probing depth. 
Abbreviations: CAL, clinical attachment loss; CDC/AAP, Centers for Disease Control and Prevention/American Academy of Periodontology; N, number; B, linear 
regression coefficient; CI, confidence interval.
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factors in elderly individuals which have not been consid-
ered, but also to the lower number to individuals in these 
study groups. Nevertheless, the striking association of 
serum S1P levels with markers of periodontitis severity 
and extent in a population-based cohort study has not been 
reported to date and may point to a potential role of 
elevated serum S1P levels as an indicative marker for the 
severity of periodontitis and possibly tooth loss.

Numerous studies have addressed the key role of 
S1P as an inflammatory mediator and potential thera-
peutic target in several pathologies such as cardiovascu-
lar, neurological and tumor diseases.14,15 In addition, 
S1P has emerged as a prognostic biomarker, eg, for 
cardiovascular disease22 and sepsis.23 S1P does not 
only locally interlink blood coagulation and vessel wall 
inflammation within atherosclerotic lesions,41,45 but also 
mediates cellular processes as S1P regulates both the 
homing of immune cells to lymphoid organs and their 
egress into blood and lymph.46–48 Tissue concentrations 
of S1P increase early during acute immune or inflam-
matory responses and decrease as inflammation 
resolves.39 Correspondingly, deficiency of the S1P- 
degrading enzyme SPL causes a pro-inflammatory 

response.38 Moreover, S1P levels are elevated in differ-
ent inflammatory disorders and autoimmune diseases, 
eg, in patients with multiple sclerosis (MS),49 Crohn’s 
disease and ulcerative colitis.50–52 Specifically, increased 
S1P serum concentrations were observed in inflamma-
tory bone and joint-related diseases, ie, spondyloarthritis 
and rheumatoid arthritis.43,53 Here, both elevated S1P 
concentrations and higher S1PR1 expression were 
described in the synovial fluid,53,54 whereas in leuko-
cytes the S1PR1 expression level was decreased.44 

However, the absolute S1P concentrations cannot be 
directly compared to the values observed in our inves-
tigation due to the different quantitation methods and 
notably lower sample numbers in these studies.

In periodontitis, S1P has been implicated in inducing 
pro-inflammatory cytokine production, eg, of interferon 
beta (IFN-beta), interleukin 6 (IL-6) and interleukin 8 
(IL-8), in primary human gingival epithelial cells, which 
is mediated via S1PR1 and S1PR3.55,56 In SphK1-deficient 
mice periodontal inflammation and alveolar bone loss 
were attenuated after injection of A. actino-mycetemcomi-
tans into the periodontal tissue, whereas the wildtype 
littermates showed increased SphK1 expression.57 

Figure 2 Model predicted mean (with 95% confidence bands) of sphingosine-1-phosphate serum concentrations for varying levels of high-sensitivity C-reactive protein 
(logarithmised). Estimates for effects of logarithmised CRP levels on S1P were B=24.5 (standard error 6.7, p<0.001) for the first spline and B=−15.4 (standard error 7.9, 
p=0.053) for the second spline according to the fully adjusted linear regression model.
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Accordingly, treatment with the functional S1PR1 antago-
nist Fingolimod reduced the formation of pro-inflamma-
tory cytokines, eg, interleukin 1β (IL-1β), IL-6 and tumor 
necrosis factor α (TNF-α) in murine bone marrow-derived 
monocytes and macrophages after stimulation with 
A. actinomycetemcomitans.58 Moreover, Fingolimod pro-
moted re-migration of osteoclast precursors from the 
alveolar bone surface into blood vessels, thereby reducing 
osteoclast formation in periodontal lesions of rats with 
ligature-induced periodontitis.59 The data described herein 
support the hypothesis that S1P and its signaling system 
are linked to the pathogenesis of periodontitis.

Besides its involvement as a mediator in pathological 
processes, modifying the S1P system or its signaling 
components such as the S1P receptors is also of ther-
apeutic potential. The S1P receptor modulator 
Fingolimod and comparable compounds have been in 
clinical use for patients with MS for several years60 

and a number of additional clinical applications in 
S1P-driven inflammatory conditions have been 

proposed.61 A particular promising clinical application 
of modifying S1P signaling could be the targeting of 
bone-related diseases.27,62 Recent data from our group 
indicated S1P-based drugs as a promising therapeutic 
avenue for the treatment of osteoporotic diseases.27 

Intriguingly, S1P was associated with bone formation 
markers, but not with resorption markers in the SHIP- 
Trend cohort.27 Inhibition of the S1P lyase, which 
resulted in attenuated S1P degradation and increased 
S1P availability, was associated with increased bone 
formation in experimental in-vivo models.27 

Contrariwise, increased S1P plasma levels predicted 
osteoporosis-related fractures in postmenopausal 
women.63 In light of the results described here, it 
seems reasonable to assume that modification of local 
S1P availability or signaling, ie, by applying S1P recep-
tor inhibitors or modulators such as Fingolimod, might 
modulate inflammatory disease burden and possibly also 
local bone destruction in periodontitis. Our finding of 
a markedly increased expression of SphK1 during 

Figure 3 Representative immunofluorescence staining of human gingival tissue (A–F). (A–C) represent paraffin-embedded sections of normal gingival tissue, whereas (D– 
F) show paraffin-embedded sections of inflamed gingival tissue. Both DAPI staining of nuclei (blue) and staining of the sphingosine-1-phosphate (S1P)-generating enzyme 
sphingosine kinase 1 (SphK1; red) were performed for all sections (A–F). Staining of the S1P-degrading enzyme sphingosine-1-phosphate lyase (Lyase; green) was conducted 
in section C+F. Fluorescence micrographs were taken using a laser scanning microscope (Zeiss LSM780) and a 63x/1.4 objective (bar = 10 µm).
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periodontitis points towards a potential therapeutic suit-
ability of compounds such as Fingolimod, which besides 
the functional antagonism of S1PR1 is an inhibitor of 
SphK1 activity.64–66 The clinical feasibility of a local 
application of S1P-based drugs as slow release device, 
oral rinse or tooth paste in patients with periodontitis 
must be addressed in future studies.

Conclusion
Taken together, our study is the first to report an intrigu-
ingly significant association of various parameters charac-
terizing periodontitis severity as well as extent and serum 
levels of the inflammatory lipid mediator S1P. In addition, 
a prominent expression of the S1P-generating enzyme 
SphK1 was observed in gingival tissue samples from per-
iodontitis patients. Our data point towards a key role of 
S1P during periodontitis. Modulation of local S1P levels 
or its signaling properties may represent a potential future 
therapeutic strategy to prevent or to retard periodontitis 
progression and possibly reduce periodontitis-related tooth 
loss.
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