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Published online: 03 June 2019 . Thereceptor for advanced glycation endproducts (RAGE) is critically involved in the pathobiology of
. chronicinflammatory diseases. Soluble forms of RAGE have been proposed as biomarkers of severity
in inflammatory and metabolic conditions, and in monitoring therapeutic responses. The aim of the
present study was to determine circulating levels of the soluble forms of RAGE in periodontitis and to
. evaluate the expression of cell-bound, full-length RAGE and its antagonist AGER1 locally, in gingival
: tissues. Periodontitis patients and periodontally healthy, sex- and age-matched controls (50 per group)
. were included. Serum levels of total soluble RAGE and cleaved RAGE (cRAGE) were significantly lower
in periodontitis patients. Levels of the endogenous secretory esRAGE were similar in the two groups.
cRAGE remained significantly lower in the periodontitis group following multiple adjustments, and had
a statistically significant inverse correlation with body mass index and all periodontal parameters. In
periodontitis patients, gene expression of full-length RAGE and of AGER1 were significantly higherin
periodontitis-affected gingival tissues compared to healthy gingiva. Soluble forms of RAGE, particularly
cRAGE, may serve as biomarkers for the presence and severity/extent of periodontitis, and may be
implicated in its pathogenesis and its role as a systemic inflammatory stressor.

The Receptor for Advanced Glycation Endproducts (RAGE) is a transmembrane protein which belongs to the
immunoglobulin superfamily'. RAGE was originally identified for its ability to bind to Advanced Glycation
Endproducts (AGEs) and was subsequently found to be a pattern recognition receptor able to recognize a wide

* class of ligands, including high mobility group box-1 (HMGB1)/amphoterin, S100/calgranulins, and amyloid-3

. peptide*™. Ligand engagement and RAGE’s transduction upregulate various pro-inflammatory mediators and

. adhesion molecules, contributing to activation of many cellular processes such as proliferation, apoptosis, auto-

. phagy, migration, and notably inflammation and immune response®. Moreover, RAGE mediates its pathological

* actions by the generation of oxidative stress through the activation of NADPH oxidase and the transcription fac-

. tor NF-kB”%. RAGE is highly expressed during embryogenesis, but kept at low levels in adults. In environments of

. cellular stress, such as inflammation, RAGE is overexpressed”'®. The RAGE-ligand axis is intimately involved in

. the pathophysiology and complications of a wide range of chronic conditions such as diabetes mellitus, vascular

© disease, arthritis, aging, cancer, and neuro-degeneration®!'-14. In addition, the RAGE-AGE axis is one of the key

. pathogenic mechanisms involved in the periodontal destruction associated with diabetes!.

: Soluble forms of RAGE (sRAGE) exist, and there are at least two mechanisms by which they may be gener-
ated!®. First, total extracellular RAGE is cleaved from the cell surface by the action of matrix metalloproteinases
(MMPs) and A-disintegrin and metalloprotease (ADAM)-10; this form is known as cleaved RAGE (cRAGE)'7!8,
Second, alternative mRNA splicing results in multiple variants among which endogenous secretory RAGE
(esRAGE), also termed RAGE_v1, is the primary secreted, soluble isoform'*?. Importantly, essRAGE contains a
unique sequence of amino acids in its C2-Ig domain that has been used to generate a specific antibody (also avail-
able in an ELISA kit) that detects only this protein and does not cross-react with other forms of SRAGE.

Soluble forms of RAGE have been gauged in the circulation and in other body fluids, and several studies have

: considered them as biomarkers of interest in evaluating disease severity and in monitoring patient response to

© therapy?"*2. They act as decoy receptors, inhibiting ligand-RAGE interactions, and have generally been described
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as protective forms, mitigating the deleterious effects of the activation of the full-length receptor?*?%. Indeed,
expression of SRAGE has been shown to be decreased in pathologies such as atherosclerosis, coronary artery
disease, essential hypertension, rheumatoid arthritis and Alzheimer’s disease in individuals without diabetes*?’.
In periodontitis, a chronic, microbially-induced inflammatory disorder that affects the structures that support
teeth and can adversely affect general health?®, we have previously shown that the administration of exogenous
sRAGE blocks the activation of full-length RAGE, reducing alveolar bone destruction and gingival inflammation
in diabetic mice®.

Another transmembrane protein, Advanced Glycation Endproduct Receptor 1 (AGER1), mediates the uptake,
degradation and disposal of AGEs and has been involved in cell survival and regulation of reactive oxygen spe-
cies’®. AGER1 is encoded by the gene DDOST and demonstrates an antagonistic effect to full-length RAGE, sup-
pressing the heightened inflammation and oxidative stress generated by RAGE activation. The AGER1 to RAGE
ratio has thus been proposed as an important element of the defense against excessive oxidative stress®'. The
potential role of the balance between RAGE and AGERI has not been explored in the context of periodontitis.

Therefore, the aim of the present study was to determine the circulating levels of the different soluble forms
of RAGE in periodontitis, and to evaluate the expression of cell-bound RAGE and its antagonist AGER1 locally,
in gingival tissues.

Results

Study population. The study participants consisted of 50 periodontitis patients and 50 periodontally
healthy, sex- and age-matched controls. By design, all periodontitis-related parameters examined - percent of
sites with dental plaque, percent of periodontal pockets with bleeding on probing, mean pocket depth, percent
of deep periodontal pockets (>5mm), and mean attachment loss - were significantly different between the two
groups. Also by design, the sex distribution was the same (50% men in each group) as was the age distribution
(mean age was 42.9 +9.9 years in the periodontitis group and 43.0 4= 9.8 years in the control group). Body Mass
Index (BMI) was found to be significantly higher in periodontitis patients compared to periodontally healthy
controls (27.9 + 5.4kg/m? vs. 25.3 + 4.7 kg/m?, respectively; two-sample t-test, p=0.008).

Serum levels of soluble forms of RAGE.  As shown in Fig. 1, total SRAGE was significantly lower in the
serum of periodontitis patients compared to periodontally healthy controls (0.95 £ 0.43 ng/mL vs. 1.17 +0.40 ng/
mL, respectively; two-sample t-test, p=0.008). Serum levels of esRAGE were similar in the two groups (perio-
dontitis: 0.29 4 0.15ng/mL, control: 0.30 & 0.12 ng/mL; two-sample t-test, p=10.775). Levels of serum cRAGE
were calculated (sSRAGE - esSRAGE) and found to be significantly lower in the periodontitis group compared to
the control group (0.66 & 0.31 ng/mL vs. 0.88 & 0.79 ng/mL, respectively; two-sample t-test, p < 0.001).

The difference in cRAGE levels between periodontitis and periodontally healthy participants was statistically
significant even after adjusting for age, sex and BMI in multiple linear regression analysis (t-test, p=0.011). The
difference in total sSRAGE did not remain statistically significant following adjustments for age, sex and BMI
(t-test, p=0.085).

cRAGE represented the majority of total SRAGE in the study population and accounted for 70% of the total
in the periodontitis group and 75% in the control group. When we examined quartiles of cRAGE level across the
total study population (Table 1), we found that BMI and all periodontal parameters were statistically significantly
different across the groups. Total SRAGE and esRAGE were also statistically significantly different among the 4
quartile groups. Results were similar when the population was stratified by total SRAGE quartiles.

Correlations. Serum cRAGE was negatively and significantly correlated with BMI (r= —0.38, Fisher’s z test,
P <0.001) and all periodontal parameters measured. Its correlation with esSRAGE was positive and significant
(r=0.59, Fisher’s z test, p < 0.001), but it was not significant with age (= —0.03, Fisher’s z test, p=0.782) or
the number of teeth present (r=0.08, Fisher’s z test, p =0.405). Fig. 2 scatterplots show the correlation between
cRAGE and esRAGE, BMI, percent of bleeding pockets and percent of deep pockets for all study participants
(n=100). Similarly to cRAGE, serum levels of total SRAGE were negatively and significantly correlated with BMI
(r=—0.41, Fisher’s z test, p < 0.001) and all periodontal parameters.

RAGE and AGERL1 in gingival tissue. Gene expression of the full-length, cell-bound RAGE was
assessed in gingival tissues from 20 periodontitis patients and was found to be significantly increased in
periodontitis-affected sites compared to unaffected sites within the same patient (mean fold change in expres-
sion: 4.5+7.1, t-test,p=10.010). AGER1 gene expression was also significantly increased in periodontitis-affected
gingival tissues (mean fold change compared to periodontally healthy tissues: 2.3 £ 3.5, t-test, p < 0.001).

Immunostaining of gingival tissue from periodontitis-affected sites for both RAGE and AGER-1 proteins
(Fig. 3) showed expression in epithelial cells. In the connective tissue, endothelial and inflammatory cells were
positively stained for both proteins.

Discussion
Our study demonstrates for the first time that circulating levels of total sSRAGE are significantly lower in patients
with periodontitis compared to age- and sex-matched periodontally healthy controls. Interestingly, levels of the
endogenous secretory form esRAGE did not show any differences between the groups, but cleaved, cRAGE levels
were significantly attenuated in the periodontitis group compared to the control group and remained significantly
lower even after multiple linear regression analysis. cRAGE thus appears to be the soluble RAGE form of interest
in periodontitis.

SRAGE has been shown to act as a decoy receptor, competitively inhibiting cell-bound RAGE activation and
its deleterious effects. Moreover, soluble forms of RAGE lack the signaling ability of the full-length, cell-bound
RAGE which critically affects cellular phenotype and function, leading to downstream pro-inflammatory and
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Figure 1. Serum levels of total soluble RAGE (a), endogenous secretory RAGE (b), and cleaved RAGE (c) in
periodontitis patients and healthy controls (n =50 per group). Horizontal lines represent mean values, p values
are based on two-sample t tests.

pro-oxidant effects. Decreased circulating levels of sSRAGE and cRAGE in periodontitis patients in the pres-
ent study suggest low interference with the ligand-RAGE axis which is known to lead to increased periodontal
inflammation/destruction. This finding is also consistent with human data in other inflammatory, autoimmune
or infectious diseases?>>2.

BMI and waist/hip ratio have been previously correlated negatively with sSRAGE in healthy subjects®>**.
Similarly, in our study, both total SRAGE and cRAGE were negatively and significantly correlated with BMI.
Further, the interplay between sex and the RAGE axis has been highlighted in previous studies, and sex and
hormonal status in females have been suggested to influence levels of sSRAGE and RAGE ligands®**. In our
study, we had equal numbers of men and women in each of the two groups. Although no information on the pre/
post-menopausal status of female participants was available, mean age of women in the periodontitis group was
43.3 £9.8 years and mean age of women in the healthy group was 43.0 4= 10.0 years, suggesting homogeneity in
this perspective as well.

Full-length RAGE has been shown to be significantly overexpressed in gingival tissues in patients with severe
periodontitis, with or without diabetes, compared to those with healthy periodontium®-*. In the present study,
to further dissect the involvement of cell-bound RAGE and, for the first time, of AGERI in periodontitis we did
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Variable All(n=100) | Q1 (n=25) | Q2(n=25) | Q3(n=25) |Q4(n=25) |p

Age, years 43.0+9.8 45.0+8.5 40.84+10.6 419482 441+11.6 0.391
Sex, male 50 (50) 13 (52) 10 (40) 12 (48) 15 (60) 0.556
BMI, kg/m? 26.6+5.0 30.5£6.1 259+4.1 254+4.2 247432 <0.001
Number of teeth 26.1+£2.3 253+£2.6 26.8+1.8 262+£22 26.1+2.5 0.168
% sites with dental plaque | 43.9+£26.7 61.6+£19.7 4324271 37.4+26.6 335+25.1 <0.001
% bleeding pockets 37.7+£26.6 53.5+£22.0 38.5+£26.4 31.3+£285 27.6+£22.6 0.002
Mean pocket depth, mm | 3.0£1.0 3.6+1.0 29+1.1 29+1.0 2.6+0.8 0.007
% deep pockets (>5mm) 16.34+20.3 28.5+21.0 15.0420.3 13.44+19.6 8.4+15.5 0.003
Mean attachment loss, mm | 2.3+1.6 33+1.6 2.1+1.7 1.9+1.4 1.8+1.2 0.001
sRAGE, ng/ml 0.77£0.33 0.63+0.18 0.83£0.11 1.134+0.13 1.64£0.28 <0.001
esRAGE, ng/ml 0.29+0.14 0.21£0.14 0.23+0.09 0.30£0.10 0.41£0.13 <0.001

Table 1. Study population stratified by quartiles of cleaved RAGE (cRAGE) serum level. Data shown as
mean £ SD or count (percent) for continuous and categorical variables, respectively. P values derived from two-
sample t tests, except for sex where Chi-square test was used; significant p values are highlighted in bold.
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Figure 2. Correlation between serum levels of cleaved RAGE (cRAGE) and: (a) serum levels of endogenous
secretory RAGE (esRAGE), (b) body mass index (BMI), (c) percent of periodontal pockets with bleeding on
probing, and (d) percent of deep periodontal pockets (with probing depth >5mm) in study participants. r:
Pearson correlation coefficient; p values derived from Fisher’s z test; n =100 for all.

not compare periodontitis vs. non-periodontitis subjects. Rather, and to avoid subject-based confounding factors,
we assessed RAGE and AGER1 mRNA levels by qPCR in paired gingival tissue biopsies (periodontitis-affected
vs. periodontally healthy gingiva) among periodontitis patients. Our analysis revealed a statistically significant,
4.5-fold increase in the expression of cell-bound RAGE in periodontitis-affected sites. Interestingly, AGER1
expression was also significantly increased, by 2.3-fold, in periodontitis-affected sites. Gingival tissue immunos-
taining showed that the same types of cells expressed both proteins, notably, endothelial and inflammatory cells
in the connective tissue. In diabetes, RAGE activation has been shown to be exacerbated partly because of the
inhibition of AGER1 expression under significant and long-lasting exposure to AGEs and oxidative stress*’. In the
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Figure 3. Immunohistochemistry of gingival tissue from periodontitis-affected sites for full-length RAGE (a,b)
and AGER-1 (d,e); panels ¢ and f show non-immune controls. Expression is evident in the epithelium; in the
connective tissue, endothelial and inflammatory cells are positively stained for both proteins.

absence of diabetes, but in the context of chronic periodontal inflammation, AGERLI is potentially upregulated to
compensate for the increased expression of RAGE, but appears to only partially inhibit its activation.

Limitations of our study include the cross-sectional design and relatively small sample size. Our ability to
detect SRAGE and esRAGE levels was dictated by the sensitivity of the assays used, and since there are no assays
currently available to measure cRAGE, cRAGE levels were calculated rather than measured directly. Larger, lon-
gitudinal studies will shed more light into these novel observations.

Whether periodontal intervention has the potential to impact soluble isoforms of RAGE in the serum,
or the expression of cell-bound RAGE and its antagonist AGERI in tissues remains to be seen. Generally, in
non-diabetic individuals, otherwise beneficial interventions appear to raise levels of sSRAGE'®.

Taken together, the data presented here suggest that soluble forms of RAGE may have a role in the pathogen-
esis of periodontitis and its widely-reported association with other systemic conditions. Specifically, circulating
SRAGE, and particularly its cleaved form cRAGE, may be considered protective against periodontitis and the sys-
temic inflammatory stress it can impose. The findings set the stage for future studies on the use of soluble forms
of RAGE as valuable biomarkers of oral and/or systemic inflammation, and highlight that periodontitis can be a
confounding factor when evaluating circulating levels of SRAGE in other disease states or following therapeutic
interventions.
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Methods

Recruitment of study participants and clinical examination. The study was approved by the
Columbia University Institutional Review Board and in accordance with the Declaration of Helsinki, as revised
in 2013. Participants were recruited among individuals attending the Columbia University College of Dental
Medicine clinics in New York City and signed informed consent prior to enrollment. The inclusion criteria were
age >21 years and at least 20 teeth present. Current smokers, individuals who quit smoking less that 6 months
prior to recruitment, had used antibiotics, aspirin, or anticoagulants in the preceding 3 months, pregnant women,
and individuals with diabetes mellitus, history of coronary heart disease, inflammatory bowel disease, rheuma-
toid arthritis, or malignancies were excluded from the study.

A full-mouth periodontal examination (six surfaces/sites per tooth at all teeth present, excluding 3™ molars)
was performed, using a manual periodontal probe (UNC-15; Hu-Friedy, Chicago, IL, USA). Probing depth and
clinical attachment loss (assessing the severity of periodontal destruction) were measured and rounded to the
nearest millimeter. Bleeding on probing (a sign of inflammation at the base of the periodontal pocket) and dental
plaque (the bacterial biofilm that triggers periodontal inflammation) were recorded dichotomously (presence/
absence). Height and weight were also recorded for all participants for determination of body mass index (BMI).

Patients assigned in the periodontitis group had at least two teeth in each quadrant with a probing depth
>5mm and concomitant attachment loss >3 mm, and bleeding on probing at >30% of their tooth surfaces.
Periodontally healthy participants were sex- and age-matched, had no sites with probing depth >5mm or inter-
proximal attachment loss >3 mm.

Blood sampling and assessment of SRAGE isoforms. A sample of 35ml of venous blood was collected
by venipuncture from each study participant using serum gel blood collection tubes (BD Vacutainer, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). Blood samples were centrifuged at 1,300 g for 10 min, serum
was collected, aliquoted, and stored at —80 °C. Serum levels of total SRAGE and of esRAGE were assessed by
ELISA (R&D Systems, Minneapolis, MN, USA and B-Bridge International, Mountain View, CA, USA, respec-
tively) according to the manufacturers’ protocols. There are no assays currently available to directly measure the
concentration of cRAGE in biological fluids and, thus, cRAGE levels were calculated by subtracting the level of
esRAGE from that of total SRAGE, as previously described -2,

Gingival tissue sampling. Two gingival tissue biopsies were harvested per subject from 20 patients with
periodontitis. Periodontitis is site specific, and the first tissue sample was collected from a periodontitis-affected
site, characterized by a pocket depth >4 mm, attachment loss >3 mm and positive for bleeding on probing. The
second sample was collected from a periodontally healthy, control site, with a pocket depth <3 mm, attach-
ment loss <2mm and no bleeding on probing. Tissue samples were stored in liquid RNA stabilization reagent
(RNAlater, Ambion, Austin, TX, USA) and then in liquid nitrogen until analysis.

RAGE and AGER1 mRNA expression assessment. Specimens were homogenized in Trizol (Invitrogen
Life Technologies, Carlsbad, CA, USA). After incubation with chloroform and centrifugation at 1,200, the upper
aqueous phase was collected and RNA was precipitated by mixing with isopropyl-alcohol, followed by additional
centrifugation and wash in 75% ethanol. The extracted RNA was purified using a total RNA isolation kit (RNeasy;
Qiagen, Valencia, CA, USA) and quantitated spectrophotometrically. Reverse transcription was performed
(Hight Capacity cDNA reverse transcription kit, Foster City, CA, USA). Published RAGE and AGER1 primers
were selected (Primer Bank, https://pga.mgh.harvard.edu/primerbank/index.html) for Real Time Polymerase
Chain Reaction (RT-PCR), and beta-actin was chosen as a housekeeping gene. Amplification reactions were
prepared with SYBR Green (Power SYBR Green PCR Mastermix, Applied Biosystems) and performed using Step
One Plus RT-PCR system (Applied Biosystems). Relative mRNA levels of target genes were determined by the
2725t method.

Immunohistochemistry. Tissue sections were stained with haematoxylin and eosin solutions, mounted and
examined. Deparaffinized and rehydrated sections were used for RAGE and AGER1 qualitative assessment using
an indirect immunoperoxidase technique. Endogenous peroxidase and serum bovine serum albumin blocks
were performed to reduce nonspecific reactions. Sections were incubated with primary monoclonal anti-RAGE
antibody (R&D Systems) and anti-AGER1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After
washing in PBS and secondary antibody incubation, sections were treated with the Avidin-Biotin complex
(Vectastain Universal Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) according to the manufactur-
er’s protocol. Negative/non-immune controls were obtained by omitting the primary antibody. The substrate
3,30-diaminobenzidine (DAB) was applied for the same amount of time on each section and, finally, sections
were counter-stained with Mayer’s haematoxylin (Sigma, St. Louis, MO, USA) to visualize tissue topography.

Data and statistical analyses. Probing depth and attachment loss were calculated as average of all sites
for each subject. In addition, plaque, bleeding on probing and deep probing depth (>5mm) were calculated as
percentage of all sites for each study participant. Continuous variables were compared between periodontitis and
healthy subjects, and among the 4 quartile groups of cRAGE level, using independent two-sample t tests, and
categorical variables were compared using the Chi-square test. Multiple linear regression and t-test were used to
assess the impact of periodontal status (periodontitis/healthy) on serum sSRAGE and cRAGE levels, controlling
for age, sex, and BMI. The association between soluble forms of RAGE and BMI, age, number of teeth and peri-
odontal parameters was assessed via Pearson’s correlation, and its significance was assessed by the Fisher’s z test.
All statistical analyses were performed using SAS, version 9.4. A p-value < 0.05 was considered statistically signif-
icant. Data are presented as mean =+ SD or count (percent) for continuous and categorical variables, respectively.
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Data Availability
The datasets generated and/or analyzed during the current study are available from the corresponding author on
reasonable request.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Neeper, M. et al. Cloning and expression of a cell surface receptor for advanced glycosylation end products of proteins. ] Biol Chem
267, 14998-15004 (1992).

Kislinger, T. et al. N(epsilon)-(carboxymethyl)lysine adducts of proteins are ligands for receptor for advanced glycation end products
that activate cell signaling pathways and modulate gene expression. ] Biol Chem 274, 31740-31749 (1999).

Taguchi, A. et al. Blockade of RAGE-amphoterin signalling suppresses tumour growth and metastases. Nature 405, 354-360, https://
doi.org/10.1038/35012626 (2000).

. Hofmann, M. A. et al. RAGE mediates a novel proinflammatory axis: a central cell surface receptor for $100/calgranulin

polypeptides. Cell 97, 889-901 (1999).

. Yan, S. D. et al. RAGE and amyloid-beta peptide neurotoxicity in Alzheimer’s disease. Nature 382, 685-691, https://doi.

org/10.1038/382685a0 (1996).

. Ramasamy, R, Yan, S. F. & Schmidt, A. M. The diverse ligand repertoire of the receptor for advanced glycation endproducts and

pathways to the complications of diabetes. Vascul Pharmacol 57, 160-167, https://doi.org/10.1016/j.vph.2012.06.004 (2012).

. Wautier, M. P. ef al. Activation of NADPH oxidase by AGE links oxidant stress to altered gene expression via RAGE. Am J Physiol

Endocrinol Metab 280, E685-694 (2001).

. Daftu, G. et al. Radical roles for RAGE in the pathogenesis of oxidative stress in cardiovascular diseases and beyond. Int ] Mol Sci 14,

19891-19910, https://doi.org/10.3390/ijms141019891 (2013).

. Brett, J. et al. Survey of the distribution of a newly characterized receptor for advanced glycation end products in tissues. Am J Pathol

143, 1699-1712 (1993).

Schmidt, A. M. et al. Regulation of human mononuclear phagocyte migration by cell surface-binding proteins for advanced
glycation end products. J Clin Invest 91, 2155-2168, https://doi.org/10.1172/]JCI116442 (1993).

Senatus, L. M. & Schmidt, A. M. The AGE-RAGE Axis: Implications for Age-Associated Arterial Diseases. Front Genet 8, 187,
https://doi.org/10.3389/fgene.2017.00187 (2017).

Ramasamy, R., Shekhtman, A. & Schmidt, A. M. The multiple faces of RAGE-opportunities for therapeutic intervention in aging
and chronic disease. Expert Opin Ther Targets 20, 431-446, https://doi.org/10.1517/14728222.2016.1111873 (2016).

Chuah, Y. K., Basir, R., Talib, H., Tie, T. H. & Nordin, N. Receptor for advanced glycation end products and its involvement in
inflammatory diseases. Int ] Inflam 2013, 403460, https://doi.org/10.1155/2013/403460 (2013).

Derk, J., MacLean, M., Juranek, J. & Schmidt, A. M. The Receptor for Advanced Glycation Endproducts (RAGE) and Mediation of
Inflammatory Neurodegeneration. ] Alzheimers Dis Parkinsonism 8, https://doi.org/10.4172/2161-0460.1000421 (2018).

Lalla, E. & Papapanou, P. N. Diabetes mellitus and periodontitis: a tale of two common interrelated diseases. Nat Rev Endocrinol 7,
738-748, https://doi.org/10.1038/nrendo.2011.106 (2011).

Schmidt, A. M. Soluble RAGE:s - Prospects for treating & tracking metabolic and inflammatory disease. Vascul Pharmacol 72, 1-8,
https://doi.org/10.1016/j.vph.2015.06.011 (2015).

Raucci, A. et al. A soluble form of the receptor for advanced glycation endproducts (RAGE) is produced by proteolytic cleavage of
the membrane-bound form by the sheddase a disintegrin and metalloprotease 10 (ADAM10). FASEB ] 22, 3716-3727, https://doi.
org/10.1096/1].08-109033 (2008).

Zhang, L. et al. Receptor for advanced glycation end products is subjected to protein ectodomain shedding by metalloproteinases. J
Biol Chem 283, 35507-35516, https://doi.org/10.1074/jbc.M806948200 (2008).

Hudson, B. I. et al. Identification, classification, and expression of RAGE gene splice variants. FASEB J 22, 1572-1580, https://doi.
0rg/10.1096/1).07-9909com (2008).

Yonekura, H. et al. Novel splice variants of the receptor for advanced glycation end-products expressed in human vascular
endothelial cells and pericytes, and their putative roles in diabetes-induced vascular injury. Biochem ] 370, 1097-1109, https://doi.
org/10.1042/bj20021371 (2003).

Maillard-Lefebvre, H. et al. Soluble receptor for advanced glycation end products: a new biomarker in diagnosis and prognosis of
chronic inflammatory diseases. Rheumatology (Oxford) 48, 1190-1196, https://doi.org/10.1093/rheumatology/kep199 (2009).

Yan, S. F, Ramasamy, R. & Schmidt, A. M. Soluble RAGE: therapy and biomarker in unraveling the RAGE axis in chronic disease
and aging. Biochem Pharmacol 79, 1379-1386, https://doi.org/10.1016/j.bcp.2010.01.013 (2010).

Wendt, T. M. et al. RAGE drives the development of glomerulosclerosis and implicates podocyte activation in the pathogenesis of
diabetic nephropathy. Am J Pathol 162, 1123-1137, https://doi.org/10.1016/s0002-9440(10)63909-0 (2003).

Sakaguchi, T. et al. Central role of RAGE-dependent neointimal expansion in arterial restenosis. J Clin Invest 111, 959-972, https://
doi.org/10.1172/jci17115 (2003).

Pullerits, R., Bokarewa, M., Dahlberg, L. & Tarkowski, A. Decreased levels of soluble receptor for advanced glycation end products
in patients with rheumatoid arthritis indicating deficient inflammatory control. Arthritis Res Ther 7, R817-824, https://doi.
org/10.1186/ar1749 (2005).

Falcone, C. et al. Plasma levels of soluble receptor for advanced glycation end products and coronary artery disease in nondiabetic
men. Arterioscler Thromb Vasc Biol 25, 1032-1037, https://doi.org/10.1161/01.atv.0000160342.20342.00 (2005).

Emanuele, E. et al. Circulating levels of soluble receptor for advanced glycation end products in Alzheimer disease and vascular
dementia. Arch Neurol 62, 1734-1736, https://doi.org/10.1001/archneur.62.11.1734 (2005).

Pihlstrom, B. L., Michalowicz, B. S. & Johnson, N. W. Periodontal diseases. Lancet 366, 1809-1820, https://doi.org/10.1016/s0140-
6736(05)67728-8 (2005).

Lalla, E. et al. Blockade of RAGE suppresses periodontitis-associated bone loss in diabetic mice. J Clin Invest 105, 1117-1124, https://
doi.org/10.1172/jci8942 (2000).

Vlassara, H. & Striker, G. E. AGE restriction in diabetes mellitus: a paradigm shift. Nat Rev Endocrinol 7, 526-539, https://doi.
org/10.1038/nrendo.2011.74 (2011).

Vlassara, H., Uribarri, J., Cai, W. & Striker, G. Advanced glycation end product homeostasis: exogenous oxidants and innate
defenses. Ann N'Y Acad Sci 1126, 46-52, https://doi.org/10.1196/annals.1433.055 (2008).

Lee, E. J. & Park, J. H. Receptor for Advanced Glycation Endproducts (RAGE), Its Ligands, and Soluble RAGE: Potential Biomarkers
for Diagnosis and Therapeutic Targets for Human Renal Diseases. Genomics Inform 11, 224-229, https://doi.org/10.5808/
2i.2013.11.4.224 (2013).

Norata, G. D. et al. Circulating soluble receptor for advanced glycation end products is inversely associated with body mass index
and waist/hip ratio in the general population. Nutr Metab Cardiovasc Dis 19, 129-134, https://doi.org/10.1016/j.numecd.2008.03.004
(2009).

Moriya, S., Yamazaki, M., Murakami, H., Maruyama, K. & Uchiyama, S. Two soluble isoforms of receptors for advanced glycation
end products (RAGE) in carotid atherosclerosis: the difference of soluble and endogenous secretory RAGE. ] Stroke Cerebrovasc Dis
23, 2540-2546, https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.037 (2014).

SCIENTIFIC REPORTS |

(2019) 9:8170 | https://doi.org/10.1038/s41598-019-44608-2 7


https://doi.org/10.1038/s41598-019-44608-2
https://doi.org/10.1038/35012626
https://doi.org/10.1038/35012626
https://doi.org/10.1038/382685a0
https://doi.org/10.1038/382685a0
https://doi.org/10.1016/j.vph.2012.06.004
https://doi.org/10.3390/ijms141019891
https://doi.org/10.1172/JCI116442
https://doi.org/10.3389/fgene.2017.00187
https://doi.org/10.1517/14728222.2016.1111873
https://doi.org/10.1155/2013/403460
https://doi.org/10.4172/2161-0460.1000421
https://doi.org/10.1038/nrendo.2011.106
https://doi.org/10.1016/j.vph.2015.06.011
https://doi.org/10.1096/fj.08-109033
https://doi.org/10.1096/fj.08-109033
https://doi.org/10.1074/jbc.M806948200
https://doi.org/10.1096/fj.07-9909com
https://doi.org/10.1096/fj.07-9909com
https://doi.org/10.1042/bj20021371
https://doi.org/10.1042/bj20021371
https://doi.org/10.1093/rheumatology/kep199
https://doi.org/10.1016/j.bcp.2010.01.013
https://doi.org/10.1016/s0002-9440(10)63909-0
https://doi.org/10.1172/jci17115
https://doi.org/10.1172/jci17115
https://doi.org/10.1186/ar1749
https://doi.org/10.1186/ar1749
https://doi.org/10.1161/01.atv.0000160342.20342.00
https://doi.org/10.1001/archneur.62.11.1734
https://doi.org/10.1016/s0140-6736(05)67728-8
https://doi.org/10.1016/s0140-6736(05)67728-8
https://doi.org/10.1172/jci8942
https://doi.org/10.1172/jci8942
https://doi.org/10.1038/nrendo.2011.74
https://doi.org/10.1038/nrendo.2011.74
https://doi.org/10.1196/annals.1433.055
https://doi.org/10.5808/gi.2013.11.4.224
https://doi.org/10.5808/gi.2013.11.4.224
https://doi.org/10.1016/j.numecd.2008.03.004
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.037

www.nature.com/scientificreports/

35. Pertynska-Marczewska, M. & Merhi, Z. Relationship of Advanced Glycation End Products With Cardiovascular Disease in
Menopausal Women. Reprod Sci 22, 774-782, https://doi.org/10.1177/1933719114549845 (2015).

36. Pullerits, R., d’Elia, H. F.,, Tarkowski, A. & Carlsten, H. The decrease of soluble RAGE levels in rheumatoid arthritis patients
following hormone replacement therapy is associated with increased bone mineral density and diminished bone/cartilage turnover:
arandomized controlled trial. Rheumatology (Oxford) 48, 785-790, https://doi.org/10.1093/rheumatology/kep079 (2009).

37. Abbass, M. M., Korany, N. S., Salama, A. H., Dmytryk, J. J. & Safiejko-Mroczka, B. The relationship between receptor for advanced
glycation end products expression and the severity of periodontal disease in the gingiva of diabetic and non diabetic periodontitis
patients. Arch Oral Biol 57, 1342-1354, https://doi.org/10.1016/j.archoralbio.2012.06.007 (2012).

38. Katz, J. et al. Expression of the receptor of advanced glycation end products in gingival tissues of type 2 diabetes patients with
chronic periodontal disease: a study utilizing immunohistochemistry and RT-PCR. J Clin Periodontol 32, 40-44, https://doi.
org/10.1111/j.1600-051X.2004.00623.x (2005).

39. Rajeev, K., Karthika, R., Mythili, R., Krishnan, V. & Nirmal, M. Role of receptors of advanced glycation end-products (RAGE) in
type 2 diabetic and non-diabetic individuals with chronic periodontal disease: an immunohistochemical study. ] Investig Clin Dent
2,287-292, https://doi.org/10.1111/j.2041-1626.2011.00079.x (2011).

40. Matsumoto, H. et al. The clinical significance of circulating soluble RAGE in patients with severe sepsis. ] Trauma Acute Care Surg
78, 1086-1093; discussion 1093-1084, https://doi.org/10.1097/TA.0000000000000651 (2015).

41. Humpert, P. M. et al. Soluble RAGE but not endogenous secretory RAGE is associated with albuminuria in patients with type 2
diabetes. Cardiovasc Diabetol 6, 9, https://doi.org/10.1186/1475-2840-6-9 (2007).

42. Katakami, N. et al. Endogenous secretory RAGE but not soluble RAGE is associated with carotid atherosclerosis in type 1 diabetes
patients. Diab Vasc Dis Res 5, 190-197, https://doi.org/10.3132/dvdr.2008.031 (2008).

Acknowledgements
The study was supported by the Division of Periodontics, Columbia University College of Dental Medicine and a
grant from the French Ministry of Higher Education and Research to Laurent Detzen.

Author Contributions

L.D. contributed to the conception of the study, data acquisition, analysis and interpretation; B.C. contributed
to the design of the study and performed all statistical analyses; C.Y.C. contributed to acquisition of data; PN.P.
contributed to the study conception and design; E.L. contributed to the conception and design of the study,
interpretation of data, and drafted the manuscript. All authors critically reviewed manuscript drafts and approved
the final submission.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:8170 | https://doi.org/10.1038/s41598-019-44608-2 8


https://doi.org/10.1038/s41598-019-44608-2
https://doi.org/10.1177/1933719114549845
https://doi.org/10.1093/rheumatology/kep079
https://doi.org/10.1016/j.archoralbio.2012.06.007
https://doi.org/10.1111/j.1600-051X.2004.00623.x
https://doi.org/10.1111/j.1600-051X.2004.00623.x
https://doi.org/10.1111/j.2041-1626.2011.00079.x
https://doi.org/10.1097/TA.0000000000000651
https://doi.org/10.1186/1475-2840-6-9
https://doi.org/10.3132/dvdr.2008.031
http://creativecommons.org/licenses/by/4.0/

	Soluble Forms of the Receptor for Advanced Glycation Endproducts (RAGE) in Periodontitis

	Results

	Study population. 
	Serum levels of soluble forms of RAGE. 
	Correlations. 
	RAGE and AGER1 in gingival tissue. 

	Discussion

	Methods

	Recruitment of study participants and clinical examination. 
	Blood sampling and assessment of sRAGE isoforms. 
	Gingival tissue sampling. 
	RAGE and AGER1 mRNA expression assessment. 
	Immunohistochemistry. 
	Data and statistical analyses. 

	Acknowledgements

	Figure 1 Serum levels of total soluble RAGE (a), endogenous secretory RAGE (b), and cleaved RAGE (c) in periodontitis patients and healthy controls (n = 50 per group).
	Figure 2 Correlation between serum levels of cleaved RAGE (cRAGE) and: (a) serum levels of endogenous secretory RAGE (esRAGE), (b) body mass index (BMI), (c) percent of periodontal pockets with bleeding on probing, and (d) percent of deep periodontal pock
	Figure 3 Immunohistochemistry of gingival tissue from periodontitis-affected sites for full-length RAGE (a,b) and AGER-1 (d,e) panels c and f show non-immune controls.
	Table 1 Study population stratified by quartiles of cleaved RAGE (cRAGE) serum level.




