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Abstract

Substantial ongoing research continues to explore the contribution of genetics and environment to
the onset, extent and severity of periodontal disease(s). Existing evidence supports that periodontal
disease appears to have an increased prevalence in family units with a member having aggressive
periodontitis. We have been using the nonhuman primate as a model of periodontal disease for
over 25 years with these species demonstrating naturally-occurring periodontal disease that
increases with age. This report details our findings from evaluation of periodontal disease in skulls
from 97 animals (5-31 years of age) derived from the skeletons of the rhesus monkeys (Macaca
mulatta) on Cayo Santiago. Periodontal disease was evaluated by determining the distance from
the base of the alveolar bone defect to the cemento-enamel junction on 15%2nd premolars and
184214 molars from all 4 quadrants. The results demonstrated an increasing extent and severity of
periodontitis with aging across the population of animals beyond only compensatory eruption.
Importantly, irrespective of age, extensive heterogeneity in disease expression was observed
among the animals. Linking these variations to multi-generational matriarchal family units
supported familial susceptibility of periodontitis. As the current generations of animals that are
descendants from these matrilines are alive, studies can be conducted to explore an array of
underlying factors that could account for susceptibility or resistance to periodontal disease.
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INTRODUCTION

Substantial ongoing research continues to explore the contribution of genetics and
environment to the onset, extent and severity of periodontal disease(s). Existing evidence
supports that periodontal disease appears to have an increased prevalence in family units
with a member having aggressive periodontitis [Demmer and Papapanou, 2010; Genco and
Borgnakke, 2013; Kulkarni and Kinane, 2014]. In addition, various studies have indicated
the presence of single nucleotide polymorphisms or specifically mutated genes that occur in
patients and populations with increased incidence of periodontitis [Yoshie et al., 2007;
Nibali et al., 2009; Divaris et al., 2013]. However, these studies have generally been limited
to one or 2 generations in attempting to delineate the heritability of this chronic disease.

We have been using the nonhuman primate as a model of periodontal disease for over 25
years. There is clear evidence that the various species of primates (e.g. M. fascicularis, M.
mulatta, M. nemestrina, S. scuireus, P. anubis) all demonstrate naturally-occurring
periodontal disease that increases with aging [Schou et al., 1993; Madden and Caton, 1994;
Miller et al., 1995; Struillou et al., 2010; Oz and Puleo, 2011]. These species demonstrate
clinical, microbiological, and immunologic similarities to the disease in humans. Most
recently we have developed a collaborative arrangement with the Caribbean Primate
Research Center in Sabana Seca, PR to evaluate the ontogeny of the immune system in
gingival tissues across the lifespan [Ebersole et al., 2008; Gonzalez et al., 2011; Gonzalez et
al., 2013]. This cohort of animals was derived from a large, free-ranging colony of rhesus
monkeys that was created in 1938 by seeding 400 Indian rhesus monkeys onto the isolated
island of “Cayo Santiago” off the southeast coast of Puerto Rico. This colony currently
houses approximately 900 animals from newborns to aged animals naturally organized into
hierarchical groups with a specific hierarchical order within and between groups [Kessler
and Berard, 1989; Whitehair, 1989]. Of particular importance to this investigation is that: (1)
the existence of the colony for 75 years has enabled the creation of extensive pedigrees for
all animals over 8 generations [Rothschild et al., 1999; Hernandez-Pacheco et al., 2013]; and
(2) natural death of the animals in this predator-free environment has led to the creation of a
collection of full skeletons from over 2000 animals from this colony with defined
matriarchal lineage [Burr et al., 1989; Rothschild et al., 1999; Wang et al., 2006a; Wang et
al., 2006b; Wang et al., 2007]. These characteristics enabled us to develop the hypothesis
that periodontitis will be increased in specific nonhuman primate pedigrees demonstrating
susceptibility/heritability of the expression of this disease. This report provides an initial
evaluation of the distribution of periodontitis in this large nonhuman primate colony and the
relationship of this distribution to the matrilineage of the cohort.

METHODS

Skull collection and matrilines

The CPRC Skeletal collection contains 397 specimens derived from 3 founding mothers,
065, 22, and 116. Matrilines were obtained based upon matriarchal lineage through 6-8
generations. Based upon preliminary findings, 97 skulls were selected among animals
ranging from 5 years to 31 years of age. Twenty-one skulls were derived from 6 generations
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of 065, 25 skulls from 8 generations of 22, and 51 skulls from 6 generations of 116. Table |
summarizes the demographics of the population that was examined.

An extensive pedigree history of the nonhuman primates enabled determination of the
approximate age of each animal at the time of death. Thus, the “population” could be
stratified based upon age of the sample. Detailed analysis of the alveolar bone characteristics
were acquired throughout the maxillary and mandibular quadrants. These periodontal
characteristics were plotted with age and specifically related to the pedigree of the animal.

No animals were sacrificed for this study. Rather, material from a pre-existing skeletal
collection served as the database. Thus, IACUC review as not required. This research
adhered to the American Society of Primatologists Principles for the Ethical Treatment of
Nonhuman primates.

Periodontal disease measures

Periodontal disease was evaluated using a standard William’s color-coded periodontal probe
by determining the distance from the deepest extent of the vertical bone defect to the
cemento-enamel junction (CEJ) on 15tand 2" premolars and 15t and 2"d molars from all 4
quadrants. The alveolar bone levels were measured on both mesiobuccal and distobuccal
sites for each tooth since periodontitis is frequently developed in these sites by non-human
primates. Data was assessed for total bone loss defects (mm; BD), as well as frequency of
sites with loss that was greater than 4 mm and 5 mm. Missing teeth were assigned a value of
10 based upon the maximal magnitude of bone loss that was detected across the population
for existing diseased teeth.

Statistical analyses

Differences among the matrilines in bone defect levels and frequency of sites with bone
defects were evaluated using a ANOVA with post hoc testing of groups using Tukey’s HSD
method (SigmaStat, Systat Software, Inc., Richmond, CA). Differences in frequency of
affected animals used a x2 test for 2x2 contingency analysis with Yates correction. Data
with an alpha of less than or equal to 0.05 (after being adjusted for the multiple
comparisons) were accepted as statistically significant using a two-tailed analysis.

RESULTS

Figure 1 provides a schematic of the teeth and sites that were analyzed by probing. This
provided up to 32 individual measurements to quantify the alveolar bone height related to
the CEJ of the teeth. Figure 2 summarizes the relationship of the bone loss data depicting
mean bone defect (mm) for individual animals across the entire age range in each of the 3
matrilines. As was expected, there was a clear increase in disease with aging in each of the
family units. Interestingly that rate of this disease expression differed, with the 22 matriline
showing a substantially lower rate of disease, and the 065 matriline demonstrating the
greatest rate of bone loss, albeit, early in life (i.e. 5 years; comparable to approximately 20
human years) no difference were noted.
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Figure 3A demonstrates the mean bone defect for the entire mouth (BD Tot), for the
maxillary quadrants (BD Max) and mandibular quadrants (BD Mand). These data show, as
was suggested by the age progression data, that the 065 matriline animals exhibited
significantly greater disease than 22 and increased levels of disease in both quadrants
compared to the 116 matriline animals. Extending this information, Figure 3B shows the
severity of disease in the animals as a percentage of sites with greater levels of alveolar bone
loss. The 065 animals demonstrated a greater frequency of sites with bone defects >4 mm
and >5 mm compared to the other groups. Additionally, while the mean levels of disease
(i.e. extent) were somewhat greater in the 116 versus 22 animals, the measures of severity
were quite similar. Finally, Figure 3C summarizes the frequency of more severe disease
identified at the animal level across all animals in each of the 3 matrilines and demonstrates
the heightened level of disease in a greater number of animals in the 065 matriline.

Figure 4A depicts the data exploring the expression of disease stratified by age category and
analyzed within the 3 matrilines. In younger animals, no differences were observed in mean
bone defect across all sites evaluated. However, a significant increase in disease was noted
in the 10-17 year old animals from the 065 matriline compared to each of the other groups.
Within the population greater thanl17 years of age, similar disease levels were seen in the
065 and 116 matrilines, with both greater than that noted in 22 matriline. Figure 4B
summarizes the severity data stratified with age and similarly highlights the more extensive
disease expression in the 065 matriline in the 10-17 year old animals. Similar results are
seen in Figure 4C quantifying disease severity as bone defects >5 mm. Of interest was the
observation that the 065 animals also showed increases in disease severity in the greater
thanl7 year old animals compared to both of the other matriline units.

DISCUSSION

Periodontitis is a major global disease that affects primarily adults leading to extensive
individual quality of life issues expressed both societally and economically [Marcenes et al.,
2013; Richards, 2013]. It is the primary reason for tooth loss in adults [Armitage and
Robertson, 2009; Armitage and Cullinan, 2010]. This polymicrobial infection results in a
chronic inflammatory response resulting in soft and hard tissue damage that can lead to
exfoliation of the teeth.

In humans, clinical evidence has supported a familial tendency for this disease, with
multiple affected individuals occurring in families, particularly where rapidly progressive or
more generalized severe disease is expressed by one or more members of the family. [Baab
et al., 1985; Page et al., 1985; van der Velden, 1991; Marazita et al., 1994; Hodge et al.,
2000; Modeer and Wondimu, 2000; Kinane et al., 2005; Carlsson et al., 2006; Armitage and
Cullinan, 2010]. Additionally, data clearly demonstrate the familial distribution of
periodontitis that affects younger individuals, termed localized or generalized periodontitis,
early onset periodontitis or aggressive periodontitis [Baab et al., 1985; Page et al., 1985;
Schenkein and Van Dyke, 1994; Hart and Kornman, 1997; Diehl et al., 1999; Kinane et al.,
1999]. Some of these clinical presentations, particularly leukocyte adhesion deficiency
(LAD)-associated periodontitis, have been documented to be related to genetic
modifications of neutrophil functions [Van Dyke et al., 1984; Baab et al., 1985; Page et al.,
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1985; Waldrop et al., 1987; Schenkein and Van Dyke, 1994; Hart and Kornman, 1997;
Diehl et al., 1999; Kinane et al., 1999; Gronert et al., 2004; Moutsopoulos et al., 2014]
polymorphisms in Cathepsin C [Hart et al., 2000], or have an autosomal recessive gene
pattern in specific families [Marazita et al., 1994]. However, these potential genetic
regulators are also interfaced with experimental evidence documenting the transmission of a
particular periodontal pathogen, Aggregatibacter actinomycetemcomitans within the
affected individuals in these families [Zambon et al., 1983; Schenkein and Van Dyke, 1994;
Papapanou, 2002; Kilian et al., 2006; Teixeira et al., 2006; Dogan et al., 2008]. Thus, the
expression of disease appears to require both a genetic predisposition plus environmental
interactions for disease to be expressed within the families.

In contrast, the genetic underpinning of chronic adult periodontitis, which represents
approximately 95% of the disease, globally, remains ill-defined. An array of studies has
attempted to identify polymorphisms associated with genes of innate immunity and
inflammation that could identify an increased relative risk for periodontitis susceptibility
[Kinane and Hart, 2003; Yoshie et al., 2007]. These studies have targeted a priori numerous
biomolecules and examined a wide array of ethnic and racial populations. Generally, these
approaches have been less than enlightening regarding predicting risk of chronic adult
periodontitis. More recently, a number of genome-wide association studies (GWAS) have
been conducted to attempt to identify “risk” genes in a more unbiased approach. These
population studies have, at this point, been rather small in number, been challenged with the
issue of determination of affected individuals, and complicated by a complex disease that
clearly has an aging component related to expression of the clinical symptoms [Schaefer et
al., 2010; Divaris et al., 2012; Divaris et al., 2013; Teumer et al., 2013; Feng et al., 2014;
Shaffer et al., 2014; Vaithilingam et al., 2014]. While there has been some early suggestion
of potential genes of interest, with some having biological plausibility in contributing to the
disease process, the fundamental concept of heritability of this disease remains to be
determined. To initiate examination of this concept, this investigation developed an
hypothesis that periodontitis will be increased in specific nonhuman primate pedigrees
demonstrating susceptibility/heritability to the expression of this disease. The results
demonstrated a clear familial relationship of the onset and severity of disease expression in
the matrilines of nonhuman primates comprising the population of animals at Cayo
Santiago.

Numerous disease phenotypes, including periodontitis, are quantitative under natural
conditions, with a complex etiology, encompassing multiple environmental and genetic
triggers. Observations that complex disease traits cluster in relation to genetic relatedness do
suggest an underlying heritability. Enormous progress in mapping complex traits in humans
has been made with some early success for prevalent diseases with complex phenotypes.
Generally the findings demonstrate that with these common disorders the predominant
genetic pattern is that of many loci contributing individually with small effects on the
expressed phenotype. Moreover, for most complex traits evaluated in human populations,
the sum of the identified genetic effects generally comprise less than % of the estimated trait
heritability. Various hypotheses have been proposed to explain these investigational
findings, including untested rare variants, and gene—gene and gene—environment interactions
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[Stranger et al., 2011]. Nevertheless, as noted by Qin and colleagues [2012; 157] “the
genetic architecture of human complex disease remains elusive, the clinical application of
current genetic knowledge remains a formidable challenge”.

Within this context, we had the ability to evaluate a large closed population of rhesus
monkeys spanning many generations. This allowed us to address a question regarding the
familial relationship of periodontitis, and identify potential heritability of the disease within
the population. We evaluated skulls from 6-8 generations among 3 matrilines in animals
aged 5-31 years. The results demonstrated that within this population, animals derived from
the 065 matriline, had a higher frequency of periodontitis [70% vs. 36% (matriline 22) and
55% (matriline 116)] and elevated occurrence of more severely disease sites [65% vs. 20%
(matriline 22) and 29% (matriline 116)]. Evaluation of rates of disease expression also
demonstrated that members of the 065 lineage, while similar to the other matrilines at a
younger age, had a more rapid increase in disease extent and severity with aging. The data
showed that in the 10-17 year old group (equivalent to approximately 35-60 year old
humans), the 065 matriline members developed more generalized and severe disease than
the other matrilines. Even in the older animals (greater than 17 years), the 065 monkeys had
a greater extent and severity, albeit, matriline 116 members greater than 17 years
demonstrated a substantial increase in both extent and severity of disease, which suggests
that there could be differences in the age-related onset of disease between matrilines.
However, a single study by Dean and colleagues (1992) reported on examination of
dentition from about 180 wild-shot great apes. The results indicated that there was no
change in alveolar bone height from young adulthood to old age. Total tooth height above
the alveolar bone crest was generally constant in all teeth through stages of wear. The
amount of root exposed above the level of the alveolar bone over time suggested that with
increasing tooth wear there was some compensatory eruption to maintain a constant height
of tooth tissue. Their findings indicated that combined chronic pulpo/periodontal infections
were the basis of final vertical alveolar bone and tooth loss in these great apes, although, our
measures could have been impacted somewhat due to compensatory eruption.

As this represents a preliminary retrospective study provided by access to a unique portfolio
of specimens tracking nearly 5 decades, the underlying etiology for these differences cannot
be discerned. The net outcome of periodontal disease extent and severity appears dependent
upon the characteristics of the oral microbial ecology. These include colonization/emergence
of some opportunistic pathogens that appear to alter the local environment affecting the
overall microbiome attributes and burden, and act in concert with host responses that are
regulated by genetics and modified by the environment in humans [Kinane and Bartold,
2007; Hajishengallis et al., 2012; Armitage, 2013; Ebersole et al., 2013; Wade, 2013;
Kornman and Polverini, 2014; Duran-Pinedo et al., 2014]. Since descendants of each of
these matrilines still exist within the population and preliminary data suggests an increased
risk of demonstrating periodontitis in living animals within the 065 matriline. We plan to
develop prospective studies of animals from the various matrilines with predictions of
greater susceptibility to periodontitis and the ability to link the clinical outcomes to unique
local and systemic responses, as well as related to variations in the microbial ecology as an
explanatory variable for differences in disease extent and severity.
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Figure 1.

Extraoral photograph of approach to evaluating periodontal disease in the skulls. Animal is
065, that died at 20.7 years of age in 1973. The red lines denote the measures obtained from
the cementoenamel junction to the bone height on the distal and mesial buccal surfaces at
mandibular and maxillary 15t and 2"d premolar and molar teeth. Measures were obtained
from all four quadrants. The ruler is in centimeters.
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Figure 2.
Regression analysis of expression of the extent of periodontitis [Mean bone defect (mm)]

related to age of animals in the 3 matrilines. Each point denotes an animal within the family
and the matching colored lines describe a linear regression of the relationships.
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Figure 3.
Comparison of disease expression across all ages in each of the family units using ANOVA

with Tukey HSD. The bars are group means and the vertical brackets enclose 1 SE. (A)
Extent of disease described by mouth mean bone defects (BD Tot; F=5.12, df1, P=0.0077),
as well as similar measures limited to the maxillary (BD Max; F=4.79, df1, P=0.0104) and
mandibular (BD Mand; F=4.42, df1, P=0.0145) quadrants. (B) Severity of disease described
by frequency of sites with bone defects less than (<)3 mm (F=2.73, df1, P=0.0701), greater
than (>)4 mm (F=6.12, df1, P=0.0031) and 5 mm (F=12.34, df1, P<0.0001). (C) Frequency
of animals across the age groups in each family unit demonstrating 1 or more bone defects
greater than or equal to 5 mm using Chi-square analysis with Yates correction (22 vs. 065;
¥2=7.641, df1, P=0.0057; 065 vs. 116; x2=6.940, df1, P=0.0084).

AmJ Primatol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gonzalez et al.

Figure 4A

Figure 4B

% BD >4 mm

[ p=0060 | [ 0040 | [ p<0.312 |
4.5
1
3.5 :[
T
é 3
225 I
s |
3 2
=
1.5
1
0.5
0
5-<10 10-<17 >=17
Age Years
22 mO065 116
30
[ P=0200 | [ p=000a | [ p=0080 |
25
20
15
10
5
: - -
[ | :
0
5-<10 10-<17 >=17

Age Years

m22 m0O65 m116

AmJ Primatol. Author manuscript; available in PMC 2017 January 01.

Page 15



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gonzalez et al.

Page 16

Figure 4C
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Figure4.

Disease expression in the family units stratified based upon age categories of the members
evaluated using ANOVA with Tukey HSD. The bars are group means and the vertical
brackets enclose 1 SE. (A) mean bone defects (BD) in 5-less than (<)10 years (F=3.56, df1,
P=0.0395); 10-less than (<)17 years (F=2.84, dfl, P=0.0753); greater than (>)17 years
(F=1.22, df1, P=0.312), (B) frequency of sites with bone defects greater than or equal to 4
mm in 5-less than (<)10 years (F=1.69, df1, P=0.1997); 10-less than (<)17 years (F=6.85,
dfl, P=0.0038); greater than (>)17 years (F=2.72, df1, P=0.084), and (C) frequency of sites
with bone defects greater than or equal to 5 mm in 5-less than (<)10 years (F=1.83, df1,
P=0.1759); 10-less than (<)17 years (F=4.13, df1, P=0.0270); greater than (>)17 years
(F=3.84, df1, P=0.0360).
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Demographics of the population

Table |

Matriline | N | Generations | Gender (M:F) | Agein years mean (range)
22 25 8 9:12 13.07 (5.12-23.50)
065 21 6 13:8 15.42 (5.10-31.44)
116 51 6 24:27 13.86 (5.81-24.92)
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