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Abstract 

Aim: Periodontitis (PD) is influenced by genetic as well as life-style and socio-economic 

factors. Epidemiological studies show that men are at greater risk of severe forms of PD, 

suggesting interplay between sex and genetic factors. We aimed to systematically analyze 

patients with aggressive periodontitis (AgP) for gene-sex interactions. 
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Materials and Methods: 329 German AgP cases and 983 controls were genotyped with 

Affymetrix 500K Arrays and were analyzed by logistic regression analysis. The most 

significant gene-sex interaction was replicated in an independent sample of 382 

German/Austrian AgP cases and 489 controls.  

 

Results: Ten single nucleotide polymorphisms (SNPs) in strong linkage disequilibrium 

(r2>0.85) upstream the gene neuropeptide Y (NPY) suggested gene-sex interaction (p<5x10-

5). SNP rs198712 showed the strongest association in interaction with sex (p=5.4x10-6) with 

odds ratios in males and females of 1.63 and 0.69, respectively. In the replication, interaction 

of sex with rs198712 was verified with p=0.022 (pooled p=4.03x10-6) and similar genetic 

effects. Analysis of chromatin elements from ENCODE data revealed tissue specific 

transcription at the associated non-coding region. 

 

Conclusion: The current study is the first to observe a sexually dimorphic role of alleles at 

NPY in humans and support previous genome-wide findings of a role of NPY in severe PD.  

 

Clinical Relevance 

Scientific rationale for the study: Epidemiological studies showed that men are at greater 

risk of severe forms of periodontitis suggesting interplay between sex and genetic factors. 

 

Principal findings: Ten alleles upstream the gene neuropeptide Y (NPY) suggested gene-sex 

interaction (p<5x10-5). rs198712 showed the strongest association (p=5.4x10-6) with odds 

ratios in males and females of 1.63 and 0.69, respectively. In the replication, interaction of 

sex with rs198712 was verified with p=0.022. 
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Practical implications: The data provide evidence of a sexually dimorphic role of alleles at 

NPY in humans and support previous genome-wide findings of a role of NPY in PD.  

 

Introduction 

Periodontitis (PD) is a chronic inflammatory disease of the oral cavity. The inflammation is 

elicited by the oral microbial biofilm that leads to gingival bleeding, pocket formation, 

attachment and bone loss and eventually to tooth loss as final outcome (Buchwald et al., 

2013). PD affects human populations worldwide at prevalence rates of 11 % for the severe 

forms (Marcenes et al., 2013). It is largely classified into the sub-forms chronic periodontitis 

(CP) and aggressive periodontitis (AgP). Whereas CP is mostly observed in adults and is 

characterized by slow progression of the disease, AgP is found in young individuals and is 

diagnosed based on rapid attachment loss and destruction of the alveolar bone. A pathogenic 

microflora is the causing agent of PD, however, factors such as smoking, diabetes and obesity 

can contribute to the disease risk (Buchwald et al., 2013, Mealey & Oates, 2006, Sangwan et 

al., 2013, Schenkein & Loos, 2013). Related to these risks, socio-economic factors such as 

poor educational attachment and low income are also associated with the progression of PD 

and tooth loss.(Buchwald et al., 2013) For CP, epidemiologic studies provide broad-based 

evidence that men are at greater risk of developing severe periodontal disease than women 

(McGrath & Bedi, 2003, Shiau & Reynolds, 2010). A recent study estimated the prevalence, 

severity, and extent of periodontitis in the adult U.S. population with data from the 2009 and 

2010 National Health and Nutrition Examination Survey (NHANES) cycle and reported that 

after adjustment for the effect of age, total periodontitis was significantly higher in men than 

in women aged 30 years and older (males= 57%; females= 39%), with males showing a 3%, 

7%, and 8% higher prevalence of mild, moderate, and severe PD, respectively, compared 

with women. (Eke et al., 2012) Findings like these suggest interplay between genetics, sex 
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and possibly other environmental factors in PD. For AgP, an increased prevalence in males or 

females is currently not supported in the literature (Hart et al., 1991). However, the few 

available studies are small, which decreased their ability for generalization. 

 

A genetic basis of PD has been known by formal genetic studies for many years (Corey et al., 

1993, Marazita et al., 1994, Michalowicz et al., 1991, Michalowicz et al., 2000) but 

compared to other complex diseases a relatively low number of risk alleles have been 

identified that provide evidence of association by repeated replication in independent, large 

case-control populations (Schaefer et al., 2013).  

 

In common with other complex diseases, there is a gap between statistical modeling and 

biological phenomena, which is notoriously understudied. In general, genetic susceptibility 

regions were analyzed for the average proband, but further subject characteristics such as sex 

were not taken into account. A limitation of this approach is that relevant influential factors 

can be overlooked simply because they exert their effect only against specific patterns of 

expression of other factors.  

 

We hypothesized interactions between specific SNPs and sex that influence the disease risk 

of PD. To test this hypothesis, the genetic constitution and the interaction term of sex was 

analyzed on a genome-wide level in a case-control sample of the early onset phenotype AgP. 

A focus on this phenotype allowed a better control of confounding effects such as age and 

accumulating life-style factors and due to the strong severity at a young age, it is assumed 

that genetic factors play a prominent role in disease susceptibility. The main result was 

verified in an independent AgP case-control replication sample.  
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Material and Methods 

Study population 

Cases and controls that were genotyped with Affymetrix 500K Arrays were described before 

(Schaefer et al., 2010). In brief, inclusion criteria for the 329 German AgP cases (131 males, 

189 females) of the GWAS panel were ≥7 teeth with 50% alveolar bone loss from the 

cemento-enamel junction to the tooth apex in subjects who were under the age of 35 years 

and whose parents and grandparents were born in Germany. To limit a potential bias in the 

diagnosis of the disease phenotype by different examiners, a set of full-mouth dental 

radiographs was used. Copies were mailed for independent confirmative periodontal bone 

scoring to the study center and the initial diagnosis was confirmed by a second specialist in 

periodontology who has, without exception, been located and educated at the study center. 

The use of radiographs allowed a reproducible and quantifiable diagnosis of the disease 

phenotype. The controls were population representative individuals from the region of Kiel, 

Germany (N = 500) and blood donors from the University-Clinic Schleswig-Holstein, Kiel, 

Germany (N = 500) collected by the biobank popgen (Krawczak et al., 2006). The inclusion 

criteria for the 382 German/Austrian cases of the replication panel (174 males, 208 females) 

were ≥7 teeth with 30% bone loss under the age of 35. The parents and grandparents of the 

German cases were born in Germany. The parents and grandparents of the Austrian cases 

(N=69) were born in Austria with German family names. These cases were described in 

(Schaefer et al., 2013). The controls of the German replication sample were 489 population 

representative controls from South-Germany (246 males, 243 females), provided by the 

Cooperative Health Research in the Region of Augsburg Study (KORA), Bavaria, Germany 

(Wichmann et al., 2005). Population representative controls and blood donors were generally 

regarded to be free of AgP, as the prevalence of AgP is very low with an estimated 

occurrence of <0.1%.  
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The study was approved by each institute’s own ethical review board and all participants 

provided written informed consent. 

 

DNA Isolation and Genotyping 

Genomic DNA was extracted from frozen blood samples. All DNA samples were quality 

controlled on agarose gels. Genotyping of the GWAS was performed with the Affymetrix 

Gene Chip Human Mapping 500K Array Set for patients and controls (Schaefer et al., 2010). 

Genotypes were assigned using the BRLMM-p algorithm. In the replication, SNP rs198712 

was genotyped with the TaqMan Assay hCV9946741 (Applied Biosystems, Foster City, 

USA) on an automated platform, employing TECAN Freedom EVO and 96-well and 384-

well TEMO liquid handling robots (TECAN, Männedorf, Switzerland).  

 

Statistical Analysis 

SNPs with a genotype call rate <90% and a MAF >5% were excluded from the study. 

Markers were tested for deviations from Hardy-Weinberg equilibrium in controls before 

inclusion into the analyses (α = 0.05). From a total of 500,568 SNPs, 65% passed the quality 

criteria (287,224 SNPs). Possible statistical interactions between remaining SNPs and sex on 

AgP were assessed by logistic regression analysis at a significance threshold of p<0.05. The 

number of alleles, specified as a continuous influence factor (additive model) and sex were 

included in the model equation as main effects. From these models, we report p values and 

sex specific odds ratios (ORs) that were calculated for the explorative GWAS data, for the 

replication data and for both data pooled. Model-based multifactor dimensionality reduction 

(Calle et al., 2010) was performed using MB-MDR (version 4.1) for a binary phenotype, 

fixing sex as interaction partner for all individual SNPs. Statistical analyses were conducted 
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using PLINK v2.049 (Purcell et al. 2007) and the R software package, version 2.12.2 

(http://www.r-project.org).  

 

In-silico Analysis of Chromatin State Segmentation  

Chromatin state segmentation of human cell lines were produced by ChIP-seq data 

(Chromatin In-situ Precipitation) generated by Broad Institute, (Bernstein laboratory, 

Massachusetts General Hospital/Harvard Medical School) and produced in Manolis Kellis's 

Computational Biology group at the Massachusetts Institute of Technology. Chromatin states 

were learned from this binarized data using a multivariate Hidden Markov Model (HMM) as 

previously described (Ernst et al., 2011). Data were publicly available by UCSC Genome 

Browser and were generated by the ENCODE (Encyclopedia of DNA Elements) consortium.  

 

Results 

Genome-wide Exploration of Sex-specific Effects 

All SNPs that were genotyped on the Affymetrix 500K Array and passed the quality criteria 

(287,224 SNPs) were analysed in a logistic regression analysis. 2,041 SNPs had a p<0.05 in 

the main effect of sex, SNP or the gene-sex interaction term. The lowest p-values were 

observed for an intergenic region on chromosome 7 (chr.7:24143041-24149638; NCBI build 

36/hg18), spanning 6.597 kilobasepairs (kb; Supplementary Table 1). This region is located 

140 kb upstream the gene neuropeptide Y (NPY) (chr7:24,290,334-24,298,002) and was 

covered by eleven successfully genotyped SNPs with an average distance of 0.44kb 

(±0.43kb). Of these SNPs, ten showed a p value in the gene-sex interaction term less than 

5x10-5 (Table 1) and were in high linkage disequilibrium ([LD] r2>0.85; Figure 1a). The 

lead SNP was rs198712 with a p=5.4x10-6 for the interaction and p=9.8x10-6 and p=0.0240 
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for SNP and sex, respectively (Table 1). The sex-specific ORs for the additive effect were 

1.629 for males and 0.689 for females. Corroborating this finding, this SNP showed the 

strongest interaction effect with sex in the genome-wide MB-MDR analysis. The MAF of the 

male cases and controls was 48% and 36%, and of female cases and controls 30% and 39%, 

respectively. The MAF in the controls (males and females) as well as in the cases (males and 

females) was MAF=37% (genotypes are shown in Table 2). Accordingly, in the ordinary 

association tests that considered the cases and controls without taking sex into account, these 

SNPs showed no significant effect upon AgP.  

 

Replication of the Association on Chromosome 7 Upstream NPY. 

SNP rs198712 was selected for replication in an additional sample of 382 German and 

Austrian AgP cases and of 489 German controls. In the replication, the p value for interaction 

was p=0.0222, and the p values for the SNP and sex were p=0.024 and p=0.203, respectively 

(Table 1). The sex-specific ORs were OR=1.304 for males and OR=0.832 for females, and 

the MAF was comparable to the values in the initial sample (43% in male cases, 37% in male 

controls, 38% in female cases, 48% in female controls). After pooling of the explorative and 

the replication sample, the interaction p value was p=4.03x10-6. 

 

In silico Analysis of the Chromatin State of the NPY Region 

To gain insight into the nature of the associated chromosomal region, we analyzed the 

annotation of chromatin elements of different human cell types from ENCODE data 

(Hoffman et al., 2013, Yang et al., 2010). The  
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The associated chromosomal region that was tagged by rs198712 showed tissue specific 

transcription and possessed a poised promoter (Figure 1a). Further 54 kb downstream within 

this intergenic region, a genome-wide association with childhood asthma was reported for 

SNP rs886448 (Ding et al., 2013). This SNP was not in LD with the AgP associated region 

(r2=0, D’=0.58), but in accordance to this region, tissue specific transcription was shown for 

the chromosomal position tagged by the GWAS lead SNP for childhood asthma (Figure 1a). 

Likewise, at the intergenic region downstream of NPY that was reported to be strongly 

associated with severe CP in a GWAS (rs2521634) and not in LD with the AgP associated 

region (r2=0, D’=0.13) (Divaris et al., 2013), tissue specific transcription and poised 

promoters were shown, as was observed for the AgP associated region (Figure 1b). The CP 

associated region was also described to confer risk of early-onset atherosclerosis in the 

Framingham SHARe data, i.e. SNP rs10487606, 40bp upstream of rs2521634, was associated 

with increased coronary artery calcium (Shah et al., 2009).   

 

Discussion 

In the current study, we investigated interactions of SNP genotypes with male and female sex 

with respect to the risk for aggressive periodontitis on a genome-wide scale. Our main 

finding was an associated intergenic region 140 kb upstream of the gene NPY that conferred 

an increased risk for AgP in men, but a decreased risk in women.  

 

Following the initial observation of the association of this chromosomal region with AgP, we 

hypothesized that a genetic region of strong linkage disequilibrium (r2>0.85) upstream NPY 

shows gene-sex interaction. This hypothesis was subsequently verified in a second 

independent sample. Because all ten SNPs that showed the strongest associations in the 

explorative GWAS analysis were linked on the same haplotype block, rs198712 was 
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replicated as a single tagging SNP. Thus, no correction for multiple testing was required in 

the replication. In the replication, the association was weaker compared with that observed in 

the explorative GWAS sample. This could be due to the less severe phenotype of the cases in 

the replication, with >30% alveolar bone loss at ≥ 2 teeth compared to > 50% bone loss in the 

cases of the GWAS sample at the same age of disease onset, which can result in a decreased 

statistical power. Likewise, and corresponding to the higher severity of the cases in the 

GWAS sample compared with the cases of the replication, the male cases of the GWAS 

sample had a MAF= 48% (MAF= 36% male controls) compared to a MAF= 43% in the male 

case group of the replication (MAF= 37% male controls). Alternatively or in addition, the 

true genetic effect size could be overestimated in the explorative sample as a consequence of 

the winner's curse phenomenon (Lohmueller et al., 2003). 

 

The associated SNPs are located in a chromosomal region, which is tissue specifically 

transcribed. Interestingly, a recent large GWAS on severe CP described strong association 

downstream from NPY as a main finding (Divaris et al., 2013). Another study that relates 

NPY to CP established the presence of NPY Y1 receptors in the gingival tissue and of NPY 

protein in human gingival crevicular fluid (GCF), an immunologically relevant exudate of the 

gingival crevice. This study showed that in the GCF from healthy sites, significantly higher 

NPY levels were observed compared with periodontitis-affected sites (Lundy et al., 2009). 

Interestingly, NPY is also the most abundant neuropeptide in bone (Ahmed et al., 1994) and 

has recently been shown to have a role in maintaining the balance between hard tissue 

formation and resorption, processes that are relevant to the definition of periodontitis (Haug 

& Heyeraas, 2006). The immunomodulatory effects of NPY are thought to alter the pro-

inflammatory T-helper type 1 (Th1):anti-inflammatory T-helper type 2 (Th2) balance and 

binding of NPY to Y1 receptors on a variety of immune cells is thought to be responsible for 
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promoting the anti-inflammatory Th2 response. NPY is therefore potentially important in the 

coordination of inflammation and bone metabolism, both of which are central to the 

pathogenesis of PD (Lundy et al., 2009). 

 

To our knowledge, the current study is the first to observe a sexually dimorphic role of NPY 

in humans that is associated with a complex disease. Interestingly, sex-dependent effects of 

NPY were previously described in mice. NPY loss-of-function mice showed different 

anxiogenic responses in behavioral tests in males and females, indicating a sexually 

dimorphic role of NPY in stress response (Painsipp et al., 2011). Also, gastrointestinal 

inflammation, known to enhance anxiety in a sex-dependent manner, produced different 

behavioral responses to stress challenges in female and male NPY knockout mice (Painsipp 

et al., 2011). Another study on NPY knockout mice showed sex-dependent responses in food 

intake, upper gastrointestinal transit and faecal pellet output induced by restrained and novel 

environment stresses (Forbes et al., 2012).  

 

NPY activates the hypothalamic–pituitary–adrenal (HPA) axis and modulates the visceral 

stress responses. Additionally, NPY is potently anxiolytic (Karl et al., 2008). In accordance 

with the function in mice, NPY influences many physiological processes in humans, 

including stress response (Zhou et al., 2008) and stress-induced obesity (Kuo et al., 2007). 

Often, stress-associated and eating-disorders, which showed sex-dependent effects in NPY 

knockout mice, also have a different prevalence among women and men in humans (Kessler 

et al., 1995, Laughlin et al., 2000). A nonsynonymous SNP (Leu/Pro transition) within NPY 

was associated with serum triglyceride concentrations and birth weight, high serum 

cholesterol and LDL cholesterol levels (Karvonen et al., 1998), as well as alcohol dependence 

population samples from the United States (Lappalainen et al., 2002) and Finland (Kauhanen 
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et al., 2000). Stress, obesity and alcohol consumption are considered as risk factors of 

periodontitis. 

 

In summary, the described findings on the function of NPY add confidence in the validity of 

our results. 

 

There is a well-known limitation of the logistic regression model in general (Witte & 

Greenland, 1997) as it can describe only multiplicative effects of odds ratios. In the present 

study, it was observed that a specific factor, i.e. sex, masked the genetic effect in a way that 

the genetic influence could be observed only in sex stratified analyses. Without taking gene-

sex interactions into account, this association would have been missed. This showed that 

adding an interaction term is a first step towards a more comprehensive model attempting to 

describe more precisely the interplay of environmental and genetic factors more precisely.  

 

In conclusion, we identified and replicated the NPY region as conferring an increased risk of 

AgP in men and a decreased risk in women. Additional studies are warranted to explore the 

molecular mechanism behind the observed sex-specific effect of genetic variation at NPY on 

the risk of PD.  

 

References 

Ahmed, M., Srinivasan, G. R., Theodorsson, E., Bjurholm, A. & Kreicbergs, A. (1994) Extraction and 
quantitation of neuropeptides in bone by radioimmunoassay. Regul Pept 51, 179-188. 

Buchwald, S., Kocher, T., Biffar, R., Harb, A., Holtfreter, B. & Meisel, P. (2013) Tooth loss and 
periodontitis by socio-economic status and inflammation in a longitudinal population-based 
study. J Clin Periodontol 40, 203-211. doi:10.1111/jcpe.12056. 

Calle, M. L., Urrea, V., Malats, N. & Van Steen, K. (2010) mbmdr: an R package for exploring gene-
gene interactions associated with binary or quantitative traits. Bioinformatics 26, 2198-2199. 
doi:btq352 [pii] 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

10.1093/bioinformatics/btq352. 
Corey, L. A., Nance, W. E., Hofstede, P. & Schenkein, H. A. (1993) Self-reported periodontal disease in 

a Virginia twin population. J Periodontol 64, 1205-1208. 
Ding, L., Abebe, T., Beyene, J., Wilke, R. A., Goldberg, A., Woo, J. G., Martin, L. J., Rothenberg, M. E., 

Rao, M., Hershey, G. K., Chakraborty, R. & Mersha, T. B. (2013) Rank-based genome-wide 
analysis reveals the association of ryanodine receptor-2 gene variants with childhood 
asthma among human populations. Hum Genomics 7, 16. doi:1479-7364-7-16 [pii] 

10.1186/1479-7364-7-16. 
Divaris, K., Monda, K. L., North, K. E., Olshan, A. F., Reynolds, L. M., Hsueh, W. C., Lange, E. M., Moss, 

K., Barros, S. P., Weyant, R. J., Liu, Y., Newman, A. B., Beck, J. D. & Offenbacher, S. (2013) 
Exploring the genetic basis of chronic periodontitis: a genome-wide association study. Hum 
Mol Genet 22, 2312-2324. doi:ddt065 [pii] 

10.1093/hmg/ddt065. 
Eke, P. I., Dye, B. A., Wei, L., Thornton-Evans, G. O. & Genco, R. J. (2012) Prevalence of periodontitis 

in adults in the United States: 2009 and 2010. J Dent Res 91, 914-920. 
doi:0022034512457373 [pii] 

10.1177/0022034512457373. 
Ernst, J., Kheradpour, P., Mikkelsen, T. S., Shoresh, N., Ward, L. D., Epstein, C. B., Zhang, X., Wang, L., 

Issner, R., Coyne, M., Ku, M., Durham, T., Kellis, M. & Bernstein, B. E. (2011) Mapping and 
analysis of chromatin state dynamics in nine human cell types. Nature 473, 43-49. 
doi:nature09906 [pii] 

10.1038/nature09906. 
Forbes, S., Herzog, H. & Cox, H. M. (2012) A role for neuropeptide Y in the gender-specific 

gastrointestinal, corticosterone and feeding responses to stress. Br J Pharmacol 166, 2307-
2316. doi:10.1111/j.1476-5381.2012.01939.x. 

Hart, T. C., Marazita, M. L., Schenkein, H. A., Brooks, C. N., Gunsolley, J. G. & Diehl, S. R. (1991) No 
female preponderance in juvenile periodontitis after correction for ascertainment bias. J 
Periodontol 62, 745-749. doi:10.1902/jop.1991.62.12.745. 

Haug, S. R. & Heyeraas, K. J. (2006) Modulation of dental inflammation by the sympathetic nervous 
system. J Dent Res 85, 488-495. doi:85/6/488 [pii]. 

Hoffman, M. M., Ernst, J., Wilder, S. P., Kundaje, A., Harris, R. S., Libbrecht, M., Giardine, B., 
Ellenbogen, P. M., Bilmes, J. A., Birney, E., Hardison, R. C., Dunham, I., Kellis, M. & Noble, W. 
S. (2013) Integrative annotation of chromatin elements from ENCODE data. Nucleic Acids Res 
41, 827-841. doi:gks1284 [pii] 

10.1093/nar/gks1284. 
Karl, T., Duffy, L. & Herzog, H. (2008) Behavioural profile of a new mouse model for NPY deficiency. 

Eur J Neurosci 28, 173-180. doi:EJN6306 [pii] 
10.1111/j.1460-9568.2008.06306.x. 
Karvonen, M. K., Pesonen, U., Koulu, M., Niskanen, L., Laakso, M., Rissanen, A., Dekker, J. M., Hart, L. 

M., Valve, R. & Uusitupa, M. I. (1998) Association of a leucine(7)-to-proline(7) polymorphism 
in the signal peptide of neuropeptide Y with high serum cholesterol and LDL cholesterol 
levels. Nat Med 4, 1434-1437. doi:10.1038/4027. 

Kauhanen, J., Karvonen, M. K., Pesonen, U., Koulu, M., Tuomainen, T. P., Uusitupa, M. I. & Salonen, J. 
T. (2000) Neuropeptide Y polymorphism and alcohol consumption in middle-aged men. Am J 
Med Genet 93, 117-121. doi:10.1002/1096-8628(20000717)93:2<117::AID-AJMG7>3.0.CO;2-
# [pii]. 

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M. & Nelson, C. B. (1995) Posttraumatic stress 
disorder in the National Comorbidity Survey. Arch Gen Psychiatry 52, 1048-1060. 

Krawczak, M., Nikolaus, S., von Eberstein, H., Croucher, P. J., El Mokhtari, N. E. & Schreiber, S. (2006) 
PopGen: population-based recruitment of patients and controls for the analysis of complex 
genotype-phenotype relationships. Community Genet 9, 55-61. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Kuo, L. E., Kitlinska, J. B., Tilan, J. U., Li, L., Baker, S. B., Johnson, M. D., Lee, E. W., Burnett, M. S., 
Fricke, S. T., Kvetnansky, R., Herzog, H. & Zukowska, Z. (2007) Neuropeptide Y acts directly in 
the periphery on fat tissue and mediates stress-induced obesity and metabolic syndrome. 
Nat Med 13, 803-811. doi:nm1611 [pii] 

10.1038/nm1611. 
Lappalainen, J., Kranzler, H. R., Malison, R., Price, L. H., Van Dyck, C., Rosenheck, R. A., Cramer, J., 

Southwick, S., Charney, D., Krystal, J. & Gelernter, J. (2002) A functional neuropeptide Y 
Leu7Pro polymorphism associated with alcohol dependence in a large population sample 
from the United States. Arch Gen Psychiatry 59, 825-831. doi:yoa10023 [pii]. 

Laughlin, G. A., Barrett-Connor, E., Kritz-Silverstein, D. & von Muhlen, D. (2000) Hysterectomy, 
oophorectomy, and endogenous sex hormone levels in older women: the Rancho Bernardo 
Study. J Clin Endocrinol Metab 85, 645-651. doi:10.1210/jcem.85.2.6405. 

Lohmueller, K. E., Pearce, C. L., Pike, M., Lander, E. S. & Hirschhorn, J. N. (2003) Meta-analysis of 
genetic association studies supports a contribution of common variants to susceptibility to 
common disease. Nat Genet 33, 177-182. doi:10.1038/ng1071 

ng1071 [pii]. 
Lundy, F. T., El Karim, I. A. & Linden, G. J. (2009) Neuropeptide Y (NPY) and NPY Y1 receptor in 

periodontal health and disease. Arch Oral Biol 54, 258-262. doi:S0003-9969(08)00279-3 [pii] 
10.1016/j.archoralbio.2008.10.002. 
Marazita, M. L., Burmeister, J. A., Gunsolley, J. C., Koertge, T. E., Lake, K. & Schenkein, H. A. (1994) 

Evidence for autosomal dominant inheritance and race-specific heterogeneity in early-onset 
periodontitis. J Periodontol 65, 623-630. 

Marcenes, W., Kassebaum, N. J., Bernabe, E., Flaxman, A., Naghavi, M., Lopez, A. & Murray, C. J. 
(2013) Global burden of oral conditions in 1990-2010: a systematic analysis. J Dent Res 92, 
592-597. doi:0022034513490168 [pii] 

10.1177/0022034513490168. 
McGrath, C. & Bedi, R. (2003) Measuring the impact of oral health on quality of life in Britain using 

OHQoL-UK(W). J Public Health Dent 63, 73-77. 
Mealey, B. L. & Oates, T. W. (2006) Diabetes mellitus and periodontal diseases. J Periodontol 77, 

1289-1303. doi:10.1902/jop.2006.050459. 
Michalowicz, B. S., Aeppli, D., Virag, J. G., Klump, D. G., Hinrichs, J. E., Segal, N. L., Bouchard, T. J., Jr. 

& Pihlstrom, B. L. (1991) Periodontal findings in adult twins. J Periodontol 62, 293-299. 
Michalowicz, B. S., Diehl, S. R., Gunsolley, J. C., Sparks, B. S., Brooks, C. N., Koertge, T. E., Califano, J. 

V., Burmeister, J. A. & Schenkein, H. A. (2000) Evidence of a substantial genetic basis for risk 
of adult periodontitis. J Periodontol 71, 1699-1707. 

Painsipp, E., Herzog, H., Sperk, G. & Holzer, P. (2011) Sex-dependent control of murine emotional-
affective behaviour in health and colitis by peptide YY and neuropeptide Y. Br J Pharmacol 
163, 1302-1314. doi:10.1111/j.1476-5381.2011.01326.x. 

Sangwan, A., Tewari, S., Singh, H., Sharma, R. K. & Narula, S. C. (2013) Periodontal status and 
hyperlipidemia: statin users versus non-users. J Periodontol 84, 3-12. 
doi:10.1902/jop.2012.110756. 

Schaefer, A. S., Bochenek, G., Manke, T., Nothnagel, M., Graetz, C., Thien, A., Jockel-Schneider, Y., 
Harks, I., Staufenbiel, I., Wijmenga, C., Eberhardt, J., Guzeldemir, E., Cine, N., Folwaczny, M., 
Noack, B., Meyle, J., Eickholz, P., Trombelli, L., Scapoli, C., Nohutcu, R., Bruckmann, C., 
Doerfer, C., Jepsen, S., Loos, B. G. & Schreiber, S. (2013) Validation of reported genetic risk 
factors for periodontitis in a large-scale replication study. J Clin Periodontol. 
doi:10.1111/jcpe.12092. 

Schaefer, A. S., Richter, G. M., Nothnagel, M., Manke, T., Dommisch, H., Jacobs, G., Arlt, A., 
Rosenstiel, P., Noack, B., Groessner-Schreiber, B., Jepsen, S., Loos, B. G. & Schreiber, S. 
(2010) A genome-wide association study identifies GLT6D1 as a susceptibility locus for 
periodontitis. Hum Mol Genet 19, 553-562. doi:ddp508 [pii] 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

10.1093/hmg/ddp508. 
Schenkein, H. A. & Loos, B. G. (2013) Inflammatory mechanisms linking periodontal diseases to 

cardiovascular diseases. J Clin Periodontol 40 Suppl 14, S51-69. doi:10.1111/jcpe.12060. 
Shah, S. H., Freedman, N. J., Zhang, L., Crosslin, D. R., Stone, D. H., Haynes, C., Johnson, J., Nelson, S., 

Wang, L., Connelly, J. J., Muehlbauer, M., Ginsburg, G. S., Crossman, D. C., Jones, C. J., Vance, 
J., Sketch, M. H., Granger, C. B., Newgard, C. B., Gregory, S. G., Goldschmidt-Clermont, P. J., 
Kraus, W. E. & Hauser, E. R. (2009) Neuropeptide Y gene polymorphisms confer risk of early-
onset atherosclerosis. PLoS Genet 5, e1000318. doi:10.1371/journal.pgen.1000318. 

Shiau, H. J. & Reynolds, M. A. (2010) Sex differences in destructive periodontal disease: exploring the 
biologic basis. J Periodontol 81, 1505-1517. doi:10.1902/jop.2010.100045. 

Wichmann, H. E., Gieger, C. & Illig, T. (2005) KORA-gen--resource for population genetics, controls 
and a broad spectrum of disease phenotypes. Gesundheitswesen 67 Suppl 1, S26-30. 
doi:10.1055/s-2005-858226. 

Witte, J. S. & Greenland, S. (1997) A nested approach to evaluating dose-response and trend. Ann 
Epidemiol 7, 188-193. doi:S1047279796001597 [pii]. 

Yang, C., Wan, X., Yang, Q., Xue, H. & Yu, W. (2010) Identifying main effects and epistatic interactions 
from large-scale SNP data via adaptive group Lasso. BMC Bioinformatics 11 Suppl 1, S18. 
doi:1471-2105-11-S1-S18 [pii] 

10.1186/1471-2105-11-S1-S18. 
Zhou, Z., Zhu, G., Hariri, A. R., Enoch, M. A., Scott, D., Sinha, R., Virkkunen, M., Mash, D. C., Lipsky, R. 

H., Hu, X. Z., Hodgkinson, C. A., Xu, K., Buzas, B., Yuan, Q., Shen, P. H., Ferrell, R. E., Manuck, 
S. B., Brown, S. M., Hauger, R. L., Stohler, C. S., Zubieta, J. K. & Goldman, D. (2008) Genetic 
variation in human NPY expression affects stress response and emotion. Nature 452, 997-
1001. doi:nature06858 [pii] 

10.1038/nature06858. 
 
Acknowledgements 

We thank the technicians Tanja Wesse and Sanaz Sedghpour Sabet and the information 

specialists Lukas Tittmann and Michael Wittig.  

 

Table Legends 

Table 1. Top 10 results of gene-sex interaction from logistic regression models of GWAS-

data and of rs198712 in the replication  

 

Table 2. Genotypes of the ten most significant SNPs of gene-sex interaction from logistic 

regression models of GWAS-data and in the replication of tag SNP rs108712 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Figure legends 

Figure 1. Chromosomal region at NPY 

The top diagram shows the nominal –log10 P for the plotted SNPs at this chromosomal 

region. The -log10 P-values are plotted as a function of the genomic SNP position (NCBI 

build 36). The second panel shows the position of SNP rs886448, which showed genome-

wide association with childhood asthma. The following panel (a) shows annotations of 

chromatin elements from ENCODE data for two cell types (human skeletal muscle myotubes 

[HSMM] and H1 human embryonic stem cells [H1-hESC], TXN=transcription). The lowest 

panel (b) shows the annotations of chromatin elements across the chromosomal region of 

NPY, shown for the two cell types as in panel a. The included area covers the chromosomal 

region of panel a and extends to the GWAS lead SNP of chronic periodontitis (rs2521634). 

Tissue specific transcription (TXN) of the three regions, which are associated with AgP, 

childhood asthma (rs886448), and chronic periodontitis are shown in light green. The plotted 

SNPs are from left to right: 1=rs1494194, 2=rs17287854, 3=rs2813838, 4=rs272709, 

5=rs17288003, 6=rs17148810, 7=rs272665, 8=rs272662, 9=rs1859289, 10=rs198733, 

11=rs198731, 12=rs198728, 13=rs115063, 14=rs198727, 15=rs115062, 16=rs198720, 

17=rs198712, 18=rs198711, 19=rs6461782, 20=rs198701, 21=rs17290092, 22=rs156270, 

23=rs156318, 24=rs156308, 25=rs156294, 26=rs156293, 27=rs13245518, 28=rs963830, 

29=rs2158342. 
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Table 1. Top 10 results of gene-sex interaction from logistic regression models of GWAS- 

data and in the replication of tag SNP rs198712 

 

 

      cases controls 

SNPs p SNP P sex  OR 95 % CI p value 

MAF 

(males) 

MAF 

(females) 

MAF 

(males) 

MAF 

(females) 

rs198733  1.74E-05 0.112 2.17 1.55-3.16 2.02E-05 50.38 34.01 37.11 40.95 

rs198731  7.04E-05 0.149 2.07 1.44-2.97 9.02E-05 49.61 34.38 37.25 40.50 

rs198728 9.83E-06 0.075 2.21 1.55-3.16 1.26E-05 50.76 34.01 37.11 40.96 

rs115063 1.43E-05 0.096 2.17 1.52-3.09 2.06E-05 50.76 34.52 37.23 41.06 

rs198727 9.98E-06 0.076 2.21 1.55-3.16 1.27E-05 50.76 34.01 37.13 40.96 

rs115062  5.94E-06 0.054 2.27 1.59-3.25 7.09E-06 50.76 33.67 36.91 40.96 

rs198720  2.77E-05 0.088 2.18 1.53-3.12 1.80E-05 51.14 35.03 38.90 42.98 

rs198712 9.76E-06 0.024 2.36 1.63-3.42 5.41E-06 48.09 29.89 35.73 38.58 

rs198711 1.64E-05 0.071 2.20 1.54-3.15 1.64E-05 49.24 32.23 36.35 39.47 

rs198701  8.32E-06 0.042 2.27 1.58-3.25 9.45E-06 49.24 32.12 35.83 39.42 

Replication: 

rs198712  

 

0.024 0.2033 1.5 1.07-2.3 0.0222 43.39 38.22 36.99 42.80 
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Table 2. Genotypes of the ten most significant SNPs of gene-sex interaction of GWAS-data 

and in the replication of tag SNP rs198712 

  Cases controls 

 SNPs males females males females 

  11 12 22 11 12 22 11 12 22 11 12 22 

GWAS 

rs198733  35 59 36 90 80 27 212 220 80 170 208 86 

rs198731  33 63 32 87 78 27 205 220 77 170 211 82 

rs198728 34 62 36 90 80 27 212 220 80 172 211 87 

rs115063 34 62 36 89 80 28 211 222 80 172 210 88 

rs198727 34 62 36 90 80 27 212 221 80 172 211 87 

rs115062  34 62 36 90 80 26 212 222 78 172 211 87 

rs198720  35 59 38 85 86 26 199 224 86 158 220 92 

rs198712 36 64 31 92 81 16 216 221 71 182 206 76 

rs198711 36 62 34 92 83 22 216 221 76 182 205 83 

rs198701  37 60 35 91 80 22 215 222 71 181 205 82 

Replication rs198712 55 87 32 81 95 32 99 112 35 82 114 47 
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